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1 Summary of Some of the Basic Concepts of
Analysis

1.1 The Real Number System

One of the first tasks in an introduction to analysis is to construct the system
of real numbers. The best-known method of constructing the real number
system is by means of cuts. It is due to Dedekind. We denote the set of all
real numbers by R.

Having constructed the real number system one must then investigate the
basic properties of this system. These fall into three categories: namely (I)
algebraic properties, (1) ordering properties, and (I11) the ‘no gaps’ property.

(I) Algebraic Properties.

The set R of real numbers is a field under the operations of addition
and multiplication. This means that the set R of all real numbers is an
Abelian group under the operation of addition, the set R\ {0} of non-zero
real numbers is also an Abelian group under the operation of multiplication,
and the operations of addition and multiplication satisfy the distributive laws.
Expressed in less formal terms, this simply means that there are operations
of addition, subtraction, multiplication and division defined on the set R of
real numbers, and these operations satisfy all the familiar rules (such as the
commutative laws, the associative laws, the distributive laws etc.).

(IT) Ordering Properties.

The set of real numbers is ordered. If # and y are real numbers and if
x is strictly less than y then we write x < y. If x < y then we can also
denote this fact by writing y > x. We write x < y if either z < y or x = y.
Similarly we write x > y if either x > y or x = y. This ordering relation has
the following properties:

(i) if x and y are real numbers then one and only one of the statements
x <y, x =y, y<uw
is true,
(ii) if x, y and z are real numbers, if z < y and y < z then z < z,
(iii) if z, y and z are real numbers and if y < z then = +y < x + z,

(iv) if z, y and z are real numbers, if x > 0 and y > 0 then zy > 0.



(IIT) ‘No Gaps’ Property.

In addition to the algebraic properties and the ordering properties dis-
cussed above, the real number system is characterized by the property that
there are no ‘gaps’ or ‘holes’ in the set of real numbers. It is necessary to
express this vague statement formally in language that is logically precise.
The property of the real numbers that captures this notion of ‘no gaps’ is
the least upper bound principle (or least upper bound aziom), which we now
describe.

A subset S of the set R of real numbers is said to be bounded above if
there exists a real number u such that s < wu for all s € S. A real number «
with this property is said to be an upper bound for the set S. A least upper
bound (or supremum) for the set S is a real number [ with the properties
that [ is an upper bound for the set S which is less than any other upper
bound for the set S. Clearly any subset of the set of real numbers can have
at most one least upper bound.

The least upper bound principle states that if S is a subset of the set R
of real numbers which is bounded above, then the set S has a (unique) least
upper bound (or supremum), denoted by sup S.

One easily deduces from the least upper bound principle the correspond-
ing result that if S is a subset of R which is bounded below then the set S
has a (unique) greatest lower bound (or infimum), denoted by inf S, which
has the properties that inf S < s for all s € S and if v is a lower bound for
the set S (i.e.,, v < s for all s € S) then v <infS. Indeed the greatest lower
bound of the set S is given by the formula

inf S = —sup{r e R: —z € S}.

We have now described the properties which characterize the set R of
real numbers. It turns out that these properties (the algebraic properties,
the ordering properties and the least upper bound principle) are sufficient to
characterize the real number system uniquely. Thus it is not necessary to
use the explicit definition of real numbers (in terms of cuts) in order to prove
theorems about real numbers: we can deduce such theorems from the prop-
erties listed above. Of course the algebraic properties (i.e. the properties of
addition, subtraction, multiplication and division) and the ordering proper-
ties should be very familiar! However, to prove many important theorems
of analysis we need the ‘no gaps’ property that is expressed formally by the
least upper bound principle.

When one studies number systems, one meets a famous theorem of classi-
cal Greek mathematics (given in Euclid) which states that there is no rational



number z satisfying the equation z?> = 2 (i.e. there do not exist integers p
and ¢ with the property that p?> = 2¢?). One is also told that numbers like
m and e are not rational numbers. Thus one learns that there is a system
of real numbers which contains all the rational numbers together with num-
bers such as v/2, v/3, 7 and e. However if one wants to be able to prove
theorems involving the real number system then it is not much use to know
merely that “the set of real numbers consists of the set of rational numbers
together with certain other numbers such as \/5, \/g, 7 and e”. One needs
a far more precise characterization of the real numbers in order to be able
to prove significant theorems involving real numbers. This is where the least
upper bound principle comes in. It is the key to a number of deep theorems
concerning real numbers and continuous functions.

1.2 Euclidean Space

We define n-dimensional Fuclidean space R™ to be the space which consists of
all n-tuples (x1, 2o, ..., z,) of real numbers. Thus R! (denoted also by R) is
the real line, R? is the (Euclidean) plane (i.e. the familiar plane in which are
located all the triangles, parallel lines etc. of good old-fashioned schoolroom
geometry) and R? represents standard Euclidean space. The functions that
one considers are often defined over some subset of R” known as the domain
of that function. Thus, for example, the function = +— 1/z is defined over
the set
{r eR:z#0}

consisting of all non-zero real numbers. If f is a real-valued function whose
domain is a subset D of R™ for some n, then we write f: D — R in order
to denote the fact that the function f is defined on the set D (i.e., f(x) is
defined for all x € D) and f maps the elements of D into the set R of real
numbers.

We add and subtract elements of R™ and multiply them by scalars (i.e.
real numbers) in the obvious fashion. Thus if we are given elements x and y
of R™ represented by the n-tuples (x1, za, ..., x,) and (y1,ys, ..., y,) then we
define x +y and x — y to be the elements of R” represented by the n-tuples
(x1+y1, 2o+ Y2, .., 2y +yn) and (21 — Y1, T2 — Yo, . . ., Ty — Yp) Tespectively.
Similarly we denote by Ax the element of R™ represented by the n-tuple
(Az1, A\xa, ..., Azy,), for all real numbers A.

There is an inner product (or scalar product) defined on n-dimensional
Euclidean space: if x and y are elements of R", represented by the n-tuples
(x1,22,...,2,) and (y1, Yo, - .., y,) respectively then the inner product x.y



of x and y is defined by
Xy = ZTiy1 + TaY2 + -+ TpYn.

Note that x.y = y.x and (Ax).y = A(x.y) = x.(\y) for all x,y € R" and
A € R, and that (x+y).z = x.z+y.z for all x,y,z € R". The inner product
satisfies an important inequality known as Schwarz’ Inequality.

Lemma 1.1 (Schwarz’ Inequality) Let x and y be elements of R™". Then
x.y| < |x[lyl.

Proof Let x = (z1,22,...,2,) and y = (y1,¥2,-..,Yn), and let us consider
the quantity A(\, i) defined by

A=) Oy — ).
j=1
Note that A(A, ) is a sum of squares, so that A(\, ) > 0. But if we expand
out the expression defining A(A, 1) we see that
AN ) = Y (Xad = 20sy; + 4Py}
j=1

= Nx[* =2 uxy + 12y [,

hence
N|x|? = 2y + pPly [ > 0

for all A\, u € R. In particular, if we take A = |y|? and u = x.y we see that

[y [*x]* = 2y (x.y)* + (x.y)*ly]* = 0,
which simplifies to
[y[* (xPlyl* —x.y*) > 0.
It follows from this that |x.y| < |x||y| when y # 0. But the inequality is
trivially satisfied when y = 0. This proves Schwarz’ inequality. |}

The length (or norm) of an element x of R™ is denoted by |x|, and is
defined by |x| = y/x.x. Thus if x is represented by the n-tuple (z1, xs, ..., x,)

then

x|? =2 + 23+ 22
If x and y are elements of R" then the quantity |x —y| measures the distance
from the point x to the point y. (Note that this notion of distance corre-
sponds to the familiar notion of distance on the Euclidean plane R? and on
standard 3-dimensional Euclidean space R?, by Pythagoras’ Theorem!). We

can deduce from Schwarz’ inequality the following inequality.
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Lemma 1.2 Let x and y be elements of R™. Then
x+y| < x[+]yl.

Proof We expand out the quantity |x + y|?, using the definition of this
quantity as the inner product of x + y with itself. Thus

x+y[? = (x+y)(x+y)
= XX+YyYy+2xy
=[x +[y[+2xy
< fxPP A+ [y PP+ 2l
= (x| + [y])?

(where we have used Schwarz’ inequality). Hence |[x +y| < [x| + |y|, as
required. [

In particular, if x, y and z are points in R” then
x—y|<|[x—z|+]z—-y|

This important inequality is known as the triangle inequality. It describes
the fact that, for any triangle in R”, the length of any side of that triangle
is less than the sum of the lengths of the other two sides.

1.3 Open and Closed Sets

There is a particularly important class of subsets of n-dimensional Euclidean
space R™. These sets are known as open sets. A subset D of R™ is said to be
open if and only if, given any element a of D there exists some § > 0 (which
might depend on a) such that all elements of R"™ which satisfy |x —a| < 0
belong to D (i.e., D contains all points whose distance from a is less than
9). In more informal language, all that this definition is saying is that a
subset D of R"™ is open if and only if, for each point of D, the immediate
neighbourhood of that point is contained in D.

Example Let ¢ and d be real numbers satisfying ¢ < d. The open interval
(¢,d) is defined to be the subset of R consisting of all real numbers ¢ which
satisfy the inequality ¢ < t < d. We claim that the set (c, d) is an open subset
of R. For if ¢ is a real number satisfying ¢ < t < d then we can choose o > 0
such that t —§ > c and t + § < d. Then all numbers z satisfying |z — t| < 0
are contained in the set (¢, d).



Let a be a point of n-dimensional Euclidean space R™. Given a strictly
positive real number 4, let B(a,d) denote the set

{xeR": |x—a| <d}

consisting of all points x in R"” whose distance from the point a is less than
d. We claim that the set B(a,d) is an open set. In order to verify this, we
must check that if x is any point belonging to B(a, d) then there exists some
91 > 0 such that all points y of R™ which satisfy |y — x| < §; belong to
B(a,d) (i.e., we must show that, given any point x of B(a,?), there exists
some 0; > 0 such that B(x,0;) C B(a,d)). But this follows if we choose
9 = § — |x — al, for then §; > 0 (recall that x belongs to B(a,d) if and only
if |x —a|] <) and if |y — x| < d; then

ly—al < [y —x|+|x—a
< 0+ |x—al=4,

by the triangle inequality. The subset B(a, d) of R™ defined above is referred
to as the open ball with radius 6 about a, for obvious geometric reasons. (In
the case when n = 2, one also refers to this set as the open disk with radius
d about a, again for obvious geometric reasons.)

The definition of an open set can be rephrased as follows: a subset D of
R"™ is open if and only if, for every point a of D, there exists some § > 0
(which will usually depend on the choice of the point a) such that the open
ball B(a, ) of radius § about a is contained in D.

Now let X be some subset of n-dimensional Euclidean space R", and let
a be a point of X. Given § > 0 we define the subset Bx(a,d) of X by

Bx(a,0) ={xe€ X : |x —a|] < d}.

More informally, Bx(a,d) is the set consisting of all points x belonging to
the set X whose distance from a is less than §. We refer to Bx(a,d) as the
open ball in X of radius § about a.

We say that a subset U of X is open in X if and only if, given any point a
of U there exists some § > 0 such that the open ball Bx(a,d) in X of radius
0 is contained in X. To express this another way: a subset U of X is open
in X if and only if for all points a of U there exists some § > 0 (which may
depend on a) such that all points of X whose distance from a is less than o
are contained in U.

We now prove that the union of any collection of open subsets of n-
dimensional Euclidean space is itself open. We also show that any finite
intersection of open subsets of this Euclidean space is itself open.
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Lemma 1.3 Let (U, : o € A) be a collection of open sets in n-dimensional
Euclidean space R™. Then the union |J,c, Ua of all the open sets of this
collection is itself an open set. Also let Uy, Us, ..., Uy be a finite collection of
open sets. Then the intersection

UNnUsN---NU
of this finite collection of open sets is itself an open set.

Proof We show that the union of all the open sets in the collection (U, : « €
A) is itself an open set. Let a be a point which is an element of this union.
Then a is an element of U, for one of the open sets U, of this collection.
Therefore there exists some 6 > 0 such that if x is a point of R™ which
satisfies |x — a| < ¢ (i.e. if the point x is within a distance § of a) then x
is a member of U,. But of course this means that all points of R™ that are
within a distance d of a belong to the union J,.4 Ua of all the open sets of
the collection. Therefore this union is itself an open set.

Next we show that the intersection Uy NUs N ---N Uy of the open sets Uy,
Us,. .., Uy is itself an open set. Let a be a point of this intersection. Then
there exist strictly positive real numbers 1, ds,. .., 0 such that

{xeR":|x—a|<d}tCl;

fori=1,2,...,k. Let  be the minimum of d,d,...,d;. Then 6 > 0, and
if x is a point of R™ which satisfies |[x — a| < ¢ then x is an element of U; for
1=1,2,...,k and thus

XGUlngm"'ﬂUk.

Thus given any point a of Uy NUs N -+ - N Uy, there exists a ball (whose radius
is strictly positive) about the point a which is contained in the intersection
UyNUy;N---NUg. Thus this intersection of open sets is itself open. |}

Let x be a point in R™. A subset N of R” is said to be a neighbourhood
of the point x if there exists an open set U such that x € U and U C N. To
express this another way, a subset N of R" is a neighbourhood of the point
x if and only if there exists some 6 > 0 such that the open ball B(x, ) of
radius 0 about x is contained in N. (For if there exists some 6 > 0 with this
property then B(x,d) is an open set which contains x and which is a subset
of N; conversely if U is an open set in R™ such that x € U and U C N then
the fact that U is open implies that there exists some ¢ > 0 such that

B(x,6) cU C N.)
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This gives us another characterization of open sets: a subset U of R™ is open
if and only if U is a neighbourhood of every point that belongs to U.

A subset F' of n-dimensional Euclidean space is said to be closed if the
complement R™ \ F' of the set F' in R™ is open (where

R"\ F = {x € R" : x is not an element of F'}).

The closure D of a subset D of R™ is defined to be the smallest closed
set in R” which contains D. More formally, the closure D is characterized
by the properties that D is a closed set containing D and if F is any other
closed set containing D then D C F.

We now show that a point x of R” belongs to the closure D of the set
D if and only if the intersection of the set D with the open ball B(x,d) of
radius 0 about x is non-empty for all strictly positive real numbers §.

Lemma 1.4 Let D be a subset of n-dimensional Euclidean space R™ and let
D be the closure of D. Then a point x of R™ belongs to D if and only if for
every § > 0 there exists a point'y of D with the property that |y — x| < 9.

Proof Let E be the subset of R” consisting of all points x of R” which have
the property that the intersection of the set D with the open ball B(x,d) of
radius 0 about x is non-empty for all strictly positive real numbers §. We
must show that £ = D.

First we show that E is closed. To prove this, we must show that the
complement R"™\ E of E in R™ is open. But it follows from the definition of E
that if a point x of R” belongs to R™\ E then there exists some d; > 0 with the
property that B(x, d;)ND = () (where ) is the empty set). Let § be defined by
)= %51. If y is an element of the open ball B(x, ) of radius ¢ about the point
x then it follows from the triangle inequality that B(y,d) C B(x,d;) (since
d1 = 20). But 0; was chosen such that B(x,d;) N D = (). Tt follows that if y
belongs to B(x,d) then B(y,d)ND = ), and so y belongs to the complement
R™\ E of E (by the definition of the set E). We have therefore shown that if
x is an element of R™\ E' then there exists some strictly positive real number
d such that the open ball B(x,d) of radius 0 is contained in R" \ E. Thus
R™\ E is open, and so E is closed.

Now let F' be a closed set which contains D. We show that the comple-
ment R™\ F of Fin R" is contained in R™\ E. But R™\ F is open, hence if
x is an element of R™ \ F' then there exists some § > 0 such that

B(x,8) CR"\ F.

But then B(x,d) N D = (because D C F), and thus x belongs to R\ E.
This shows that the complement R™ \ F' of F' in R" is contained in R™ \ F|
so that E is a subset of F.
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We have therefore shown that F is a closed subset of R™ containing D
which is contained in every other closed set F' that contains D. Therefore
the set F is the closure of D in R", which is what we set out to prove. |}

Example The closure of the subset (0,1) of R is the set [0, 1] (where (0,1)
is the set of all real numbers ¢ satisfying 0 < ¢ < 1 and [0, 1] is the set of all
real numbers satisfying 0 < ¢ < 1).

Example Let D be the open unit ball in R?, consisting of those points
(71, T2, v3) in R? which satisfy

i+ s+ s <1
Then the closure D consists of all points (21, z2, 73) of R* which satisfy

i+ ol <1

1.4 Continuity

A real-valued function f: D — R defined on a subset D of R" is said to be
continuous at an element a of D if and only if, for all € > 0 there exists some
d > 0 (which may depend on a) such that

f(x) — fla)] <e
whenever x belongs to D and
|x —a| <§.

If f is a real-valued function defined on a subset D of some Euclidean
space, and if f is continuous at every point of D then we say that f is
continuous on D.

There is no excuse for not being able to quote this definition of continuity.
Thus if you are not at present able to reproduce this definition (e.g., on
the back of an envelope) without looking it up in your lecture notes, then
you should learn it NOW! You should also have some idea as to what the
definition of continuity means in practical terms. For example, let us consider
a real-valued function f:R3® — R defined on 3-dimensional Euclidean space
R3. Let a be a point of R3. We suppose that some ‘margin of error’ is
specified, measured by some strictly positive real number €. To say that the
function f is continuous at a is to say that, however small the margin of
error that we allow ourselves (i.e., however close € is to zero), we can always
find some ball about the point a so that the value of f at any point of this
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ball agrees with the value of f at the point a to within the specified ‘margin
of error’ ¢ (i.e., we can find a ball B(a,d) about a such that

fla) —e < f(x) < f(a) +¢

at all points x within this ball).

We can rephrase the definition of continuity in terms of ‘neighbourhoods’.
Recall that if /V is a subset of R" containing the point a then N is said to
be a neighbourhood of the point a if and only if there exists some 6 > 0
such that the ball B(a,d) of radius d about a is contained in N. Thus a set
N is a neighbourhood of the point a if it contains all points of R"™ that are
‘sufficiently close’ to the point a. One can readily verify that a function f
defined on some subset D of some Euclidean space is continuous at a point
a of D if and only if, for all € > 0, there exists a neighbourhood of a in D
such that the value of f at any point of this neighbourhood agrees with the
value of f at the point a to within an error of ¢.

An important result states that compositions of continuous functions are
themselves continuous. Let f: D — R be a real-valued function defined on
a subset D of R™ and let g: E — R be a real-valued function defined on a
subset £ of R. If f(D) C E (i.e., if the image of the set D under the map
f is contained in the domain E of g, so that g(f(x)) is well-defined for all
x € D) then we can form the composition g o f of f and g. This is the
function defined by (g o f)(x) = g(f(x)) for all z € D.

Lemma 1.5 Let f: D — R be a real-valued function defined on a subset D
of R" and let g: E — R be a real-valued function defined on a subset E of
R, where f(D) C E. Suppose that [ is continuous at some point a of D
and that g is continuous at f(a). Then the composition go f of f and g is
continuous at a.

Proof Let € > 0 be given. We must show that there exists some § > 0 such
that

l9(f(x)) —g(f(a))] <e

for all points x of D which satisfy |x—a| < §. Now the definition of continuity,
applied to the function ¢ (with § replaced by 7), shows that, given ¢ > 0,
there exists some 7 > 0 such that |g(t) — g(f(a))| < ¢ for all t € E which
satisfy |[t— f(a)| < n. Also the definition of continuity, applied to the function
f shows that there exists § > 0 such that |f(x) — f(a)] < n for all x € D
which satisfy |[x —a| < . Thus if x is an element of D which satisfies
|x —a| < J then

9(f(x)) — g(f(a))] <e.

This is what we set out to prove. |
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1.5 Limits

Let f: D — R be a real-valued function defined on a subset D of R". Let
a be a point of the closure D of D. Let [ be a real number. We say that [
is the limit of f(x) is x tends to a if, for all ¢ > 0 there exists some § > 0
(which may depend on a) such that

[f(x) =1 <e
whenever x belongs to D and
0<|x—al<o.

(Note that in the above definition of the limit of a function f(x) as x
tends to a point a we require the point a to belong to the closure D of the
domain D of the function f. This is done merely in order to ensure that it is
indeed sensible to talk about the limit of the function. For example, if f is
a function defined on the set {t € R : ¢ > 0} of positive real numbers then it
makes sense to talk about the limit of f(¢) as ¢ tends to 1 or as ¢ tends to 0,
but it makes little sense to talk about the limit of f as ¢ tends to —2 (say).)

The concept of a limit is very closely related to the concept of continuity.
Indeed if D: D — R is a real-valued function defined over a subset D of R"
then f is continuous at a point a of D if and only if lim,_,, f(x) exists and is
equal to f(a). This follows immediately on comparing the formal definition
of a limit given above with the formal definition of continuity.

1.6 ‘Calculus of Limits’

We shall prove various useful results concerning the behaviour of limits. The
proofs involve so-called ‘epsilon-delta’ arguments. Any student who has dif-
ficulty in constructing proofs of this sort would be well-advised to study the
the proofs of these results in some detail, since they exhibit many of the
techniques used in constructing ‘epsilon-delta’ proofs.

Lemma 1.6 Let [ and g be real-valued functions defined on some subset D
of R™. Let a be a point of the closure D of D. Suppose that

lim f(x) =1
and
lim g(x) = m.
X—a
Then

lim (f(x) +g(x)) =14+m

X—a

13



and
lim (f(x) — g(x)) =1 —m.

x—a

Proof In order to prove that

lim (f(x) + g(x)) =1+ m,

xXx—a

we must show that, given any € > 0, there exists some 6 > 0 such that

((f(x) +9(x) —(I+m)| <e

for all points x of D which satisfy 0 < |x —a| < §. Similarly, in order to
prove that

lim (f(x) — g(x)) =1 —m,

x—a

we must show that, given any € > 0, there exists some § > 0 such that

((f(x) —9(x)) = (I =m)| <¢

for all points x of D which satisfy 0 < |x — a| < 4.
Now

[(f(x) +9(x)) = (L +m)| < |f(x) = 1] + |g(x) —m]
and

[(f(x) —9(x)) = (I =m)| < [f(x) =] + [g(x) —m|
(by Lemma 1.2). On applying the definition of limits to the function f,
we conclude that, given any e; > 0, there exists some d; > 0 such that
|f(x) — 1] < &; for all points x of D which satisfy 0 < |x —a| < d;. Similarly,
applying the definition of limits to the function g, we conclude that, given
any €2 > 0, there exists some dy > 0 such that |g(x) —m| < &5 for all points
x of D which satisfy 0 < |x — a| < d2. In particular, suppose that we choose
g = %6 and g9 = %5. We conclude that there exist 6; > 0 and 9, > 0
such that |f(x) — ] < %5 at every point x of D satisfying 0 < |x — a|] < 4y,
lg(x) — m| < 3¢ at every point x of D satisfying 0 < |x — a| < d. Let & be
the minimum of §; and d,. Then § > 0. Moreover, if x is a point of D which
satisfies 0 < |x — a| < d then

(f(x) +9(x)) = (I +m)]
< 1F) =1+ lg(x) —m
< fet3e=c¢

and similarly
(f(x) = g(x)) = (I —m)| <e.

But this is what we set out to prove. |}
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Next we show that the limit of a product of two functions is the product
of the limits of these functions, provided that these limits exist. The method
of proof is the same as that used in proving Lemma 1.6, but the details of
the proof are somewhat more complicated.

Lemma 1.7 Let f and g be real-valued functions defined on some subset D
of R". Let a be a point of the closure D of D. Suppose that

lim f(x) =1
and
lim g(x) = m.
X—a
Then

lim (f(x)g(x)) = im.

x—a

Proof To show that limy_,, (f(x)g(x)) = Im. we must show that given any
€ > 0 there exists some 6 > 0 such that

[f(x)g(x) —Im| < e

whenever 0 < |x —a| < §. Now

Fx)g(x) —lm = f(x) (9(x) —m) + (f(x) = ) m,

and hence

[F(x)g(x) = Im| < |f(x)|[g(x) —m| +[f(x) =] [m].

It therefore suffices to show that

f(x)] [g(x) —m| < 3¢
and
|f(x) = 1] [m] < 3¢

for all points x of D that are sufficiently close to the point a.

Now limy 5 f(x) = . Thus, given any €; > 0, there exists some §; > 0
such that |f(x) —[| < &, for all points x of D which satisfy 0 < |x —a| < §;.
We first apply this result when

E
€1 = —/——.
T o(Im] + 1)

15



We conclude that there exists d; > 0 such that if x is a point of D which
satisfies 0 < |x — a| < d; then

|f(x) =] < ml+ 1)’

and hence
|f(x) = 1||m] < 3e.

If we apply the definition of the limit of f as x tends to a (given above)
in the particlar case where e; = 1 we see that there exists 3 > 0 such that if
0 < |x —a| < d3 then |f(x) — 1] < 1. Thus |f(x)| < |I| + 1 for all points x of
D satisfying 0 < |x —a| < d3. Also the formal definition of the limit, applied
to the function g, states that, given any €5 > 0, there exists some d > 0 such
that |g(x) —m| < &9 for all points x of D which satisfy 0 < |x —a| < dy. We

apply this result when .

2T+ 1)

in order to conclude that there exists do > 0 such that if x is a point of D
which satisfies 0 < |[x —a| < d5 then

lg(x) —m| < m

Thus if z € D satisfies the inequalities 0 < |x —a| < §, and 0 < |x —a| < 3
then

€

—m| < (Il + 1)z = 2c.

709 l9(x) = m| < (1] + )75 = b

Let us choose § to be the minimum of §;, d3 and d3. Then 6 > 0. If x is any
point of D which satisfies 0 < |[x — a| < 0 then

|f(x) =1l Im| < 3.
and

[f ()] lg(x) —m| < 3¢,

(since 0 < |x — a| is less than 7, dy and d3). Thus if 0 < |x — a| < ¢ then

|f(x)g(x) —Im| <e.
This shows that
lim (£(x)g(x)) = lm.

X—a
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It is perhaps worthwhile to describe in a more informal fashion the rea-
soning underlying the above proof. First of all we should have a clear idea
of the objective: given any strictly positive real number £, no matter how
small, we have to show that the value of f(x)g(x) is within € of the number
Im for all points x of D that are ‘sufficiently close’ to the point a. The basic
trick involved is to observe that

Fx)g(x) —lm = f(x) (9(x) —m) + (f(x) =) m.

Thus we can ensure that f(x)g(x) is close to Im by arranging matters so
that f(x) is close to [ and g(x) is close to m. More specifically, if we arrange
matters such that

[f ()] lg(x) —m]| < 3¢

and

[f(x) = I[|m| < 3¢
then

|f(x)g(x) —lm| <e.

This illustrates an obvious but useful technique: if we have a sum of k terms
and we wish to ensure that the modulus of the sum is less than some strictly
positive number ¢ then it suffices to arrange matters so that the modulus of
each individual term is less than €/k. We now have to work on the terms
|f(x)] |g(x) —m| and |f(x) — {| |m|. The second of these expressions is the
casier to work with: to show that |f(x) — | |m/ is less than e, we merely
have to show that |f(x) — | is less than ¢/(2(|m| + 1)) for all points x of D
‘sufficiently close’ to a. To do this we simply apply the definition of the limit
(applied to the function f).

It remains to show that | f(x)||g(x) — m| is less than e at all points x of
D that are ‘sufficiently close’ to a. We know that limy_,, f(x) = [. Therefore
the f(x) is close to [ at all points x of D that are ‘sufficiently close’ to a.
In particular, if x is ‘sufficiently close’ to a, then |f(x)| < |I| + 1. Thus it
suffices to show that |g(x) — m| is less than ¢/(2(|{| + 1)) for all points x of
D that are ‘sufficiently close’ to a. To do this we simply apply the definition
of the limit (applied to the function g).

Thus in order to show that

[f(x)g(x) —im| < e

at all points x of D that are sufficiently close to the point a it suffices to
choose 9 to be a strictly positive real number that is chosen sufficiently small

17



that if x is any point of D whose distance |x — a| from a is less than ¢ then
all three inequalities

£

|f(x) =1 < m7
€

lg(x) —m| < m,
|fE) <] +1

are valid simultaneously, then the inequality

[f(x)g(x) —Im| < e
holds for all values x of D for which 0 < |x — a| < 4. This is what we need
to prove in order to show that

lim (£(x)g(x)) = Im.

X—a

Next we examine the effect on limit of a function on composing that
function with some other continuous function.

Lemma 1.8 Let f: D — R be a real-valued function defined on a subset D
of R, and let a be a point of the closure D of the set D. Suppose that

lim f(x) =1

X—a
for some real number [. Let g: E — R be a continuous real-valued function

defined on a subset E of R, where E contains an open neighbourhood of 1.
Then

lim g(/(x)) = g(0)

Proof Let ¢ > 0 be given. We must show that there exists some ¢ > 0 such
that

l9(f(x)) —g(D)] < e

for all points x of D which satisfy 0 < |x —a| < 0. Now the definition
of continuity, applied to the function g (with § replaced by n), shows that,
given £ > 0, there exists some 7 > 0 such that |g(t) — g(I)] < e forallt € £
which satisfy [t — | < 7. Also the definition of limits, applied to the function
f shows that there exists 6 > 0 such that |f(x) — | < n for all x € D
which satisfy 0 < |x —a| < 0. Thus if x is an element of D which satisfies
0 < |x —al <J then
l9(f(x)) —g(D)] <e.

This is what we set out to prove. |
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Lemma 1.9 Let f and g be real-valued functions defined on some open sub-
set D of R™. Let a be a point of the closure D of D. Suppose that

lim f(x) =1
and
lim g(x) = m,

xX—a

lim (@) = L

xva\g(x) /) m
Proof Let R\ {0} — R be the reciprocal function on the set R\ {0} of
non-zero real numbers defined by r(t) = 1/t. We show that this function r is

continuous on R\ {0}. Once we have shown this, then we can apply Lemmas
1.7 and 1.8 in order to deduce the desired result. Indeed

where m # 0. Then

1
x—a x—a m

i (129) - L
xoa\g(x) /) m
by Lemma 1.7.

We must therefore show that the reciprocal function r is continuous on
R\ {0}. Let s be a non-zero real number. Suppose that we are given some
e > 0. Let 0 be the mininum of i|s| and ie[s|?). If ¢ is a real number
satisfying |t — s| < & then || > |s| — |t — s| and so || > 3|s|. Thus if ¢ is any
non-zero real number satisfying |t — s| < ¢ then

lim (@) — tim 7(g(x)) = r(m) =

by Lemma 1.8, and hence

s—t

2
< t—sl<e
ts

|s]?

t s|

‘ 1 1

(since |t — s| < & < 3¢|s|?). We have therefore shown that, given any ¢ > 0
there exists some § > 0 such that if ¢ is any non-zero real number satisfying
|t —s| < 6 then |r(t) — r(s)| < e. Thus we have verified that the reciprocal
function r is continuous at s, where s is an arbitrary non-zero real number.
This completes the proof, since we have already shown that the desired result
follows from the continuity of the reciprocal function. |}
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1.7 Properties of Continuous Functions

Let f: D — R be a real-valued function defined on a subset D of R™. We
noted above that the function f is continuous at a point a of D if and only
if the limit limy_,, f(x) exists and is equal to f(a).

If f and g are real-valued functions defined on a subset D of R"™ then we
denote by f + g,f — g and f.g the sum, difference and product respectively
of the functions f and ¢g. Naturally these functions are defined by

(f+9)x) = f(x)+9(x),
(f—9)x) = [f(x)—g(x)
(f9)x) = f(x)g(x).

If g is not identically zero then the quotient f/g of f and g is defined on the
set {x € D : g(x) # 0} (where (f/g)(x) = f(x)/g(x)).

Theorem 1.10 Let f and g be real-valued functions defined on a subset D
of n-dimensional Fuclidean space R™. Let a be a point of D. Suppose that
the functions f and g are continuous at the point a. Then the functions f+g
and f—g and f.g are also continuous at a. If also g(a) is non-zero then the
function f/g is continuous at a.

Proof We know that

lim f(x) = f(a),

lim g(x) = g(a),

X—a

because f and g are continuous at a. We conclude from Lemmas 1.6 and 1.7
that

lim (f(x) +g(x)) = f(a)+g(a),
X)

i (/09— 90) = f(a) ~ g(a),
hmf(x>g(x) = f(a)g(a).

(
(

Hence f + g, f — g and f.g are continuous at a. Similarly it follows from
Lemma 1.9 that f/g is continuous at a. |

We have already proved that a composition of continuous functions is
itself continuous (see Lemma 1.5). Using this result and Theorem 1.10 we
obtain a plentiful supply of continuous functions: every polynomial func-
tion is continuous, and a rational function (i.e., a quotient of polynomial
functions) is continuous at all points at which it is well-defined.
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1.8 ‘Vector-Valued Functions’

Let D be a subset of n-dimensional Euclidean space R™. We shall be con-
sidering ‘vector-valued’ functions ¢: D — R™ that map D into R™ for some
positive integer m. A typical example of such a function is provided by a
vector field on 3-dimensional Euclidean space (such as an electric field or
a magnetic field). Such a vector field, defined over some subset D of 3-
dimensional Euclidean space can be regarded as a function from D to R3
(i.e., it maps a point of D to a triple of real numbers which specify the 3
components of the vector field at that point).

The definitions of continuity and of limits for such functions are analogous
to those for real-valued functions that are given above. Thus a function
©: D — R which maps a subset D of R™ into R™ is said to be continuous at
an element a of D if and only if, for all € > 0 there exists some § > 0 (which
may depend on a) such that

p(x) —p(a)| <€
whenever x belongs to D and
|x —al <.

(Here of course |p(x) — ¢(a)| measures the distance from p(x) to ¢(a)| in
the Euclidean space R™.

If a is an element of the closure of D and if v is an element of R™ then
we say that v is the limit of p(x) as x tends to a if, for every € > 0 there
exists some § > 0 such that |p(x) — v| < € whenever x belongs to D and
0<|x—al <.

If p: D — R™ is a function which maps a subset D of R" into R™ then
the components of the function ¢ are the real-valued functions @1, wa,. .., ©n
defined such that

P(x) = (1(x), pa(x), ..., on(x)) .

The following lemma enables us to deduce results concerning ‘vector-
valued functions’ directly from corresponding results for real-valued func-
tions.

Lemma 1.11 Let p: D — R™ be a function which maps a subset D of R"
into R™. Let a be a point of the closure D of D and let v be an element of
R™. Then

lim p(x) = v
X—a
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if and only if

lim ¢;(x) = v;

fori =1,2,....,m, where p;(x) denotes the ith component of p(x) and v;
denotes the ith component of v.

Proof Suppose that limy ., p(x) = v. We show that limy ., ¢;(x) = v;
for all i. Let € > 0 be given. Then there exists some 0 > 0 such that
|o(x) — v| < e whenever x belongs to D and 0 < |x —a| < §. But

|pi(x) = il < [p(x) =]

for all 4, hence |p;(x) —v;| < € whenever x belongs to D and 0 < |x —a| < .
This shows that limy_,, ;(x) = v; for all i.

Conversely we must show that if limy ,, ¢;(x) = v; for ¢ = 1,2,....m
then limy ., ¢(x) = v. Let € > 0 be given. Applying the definition of the
limit of a function (with e replaced by e/+/m we see that there exist strictly
positive real numbers 1, J,. .., §,, such that

£

|0i(x) —vil < T

whenever x belongs to D and 0 < |x —a| < §;. Let 6 be the minimum of 4,
02, -+, 0. Then § > 0, and if x is a point of D which satisfies 0 < |[x —a| < §
then

|0i(x) —vil < T

fori=1,2,...,m. But

hence |p(x) — v|* < 2. We have therefore shown that, given any € > 0 there
exists some § > 0 such that |p(x) — v| < & whenever x belongs to D and
0 < |x —a|] < J. We deduce that limy ,, p(x) = v, as required. |

Using this result together with Lemma 1.6 we deduce immediately that
if oD € R™ and ¥: D € R™ are functions which map D into R™ and if
limy 4 ¢(x) = v and limy_,, ¥ (x) = w then

lim (p() + () = v+
and

lim (p(x) — (X)) = v — w.

x—a
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Similarly we can use Lemma 1.7 together with Lemma 1.11 to deduce that
,1333 o(x).1(x) = v.w.
Also if f: D — R is a real-valued function on D and if limy_,, f(x) = A then
lim f(x)p(x) = Av.

Thus if the functions ¢, 1 and f are continuous at a then so are ¢+, ¢ — 1,
@1 and fo (where (p.0)(x) = ¢(x).¥(x)).

We now show that a composition of continuous ‘vector-valued’ functions
is continuous. The proof is closely modelled on that of Lemma 1.5.

Lemma 1.12 Let ¢: D — R™ be a function defined on a subset D of R"™ and
let : E — RP be a real-valued function defined on a subset E of R™, where
©(D) C E. Suppose that ¢ is continuous at some point a of D and that v is
continuous at p(a). Then the composition ¥ o ¢ of ¢ and 1 is continuous at
a.

Proof Let € > 0 be given. We must show that there exists some § > 0 such
that
[¥W(p(x) —d(p(a))] <e

for all points x of D which satisfy |x—a| < . Now the definition of continuity,
applied to the function ¢ (with § replaced by n), shows that, given ¢ > 0,
there exists some 1 > 0 such that |[¢(u) — ¢¥(p(a))] < € for all u € E
which satisfy [u—¢(a)| < n. Also the definition of continuity, applied to the
function ¢ shows that there exists 0 > 0 such that |¢(x) — ¢(a)| < n for all
x € D which satisfy |x —a| < . Thus if x is an element of D which satisfies
|x —a| < § then

[V (p(x)) = ¥(p(a))] <e.

This is what we set out to prove. |

1.9 The Relationship between Continuous Functions
and Open Sets

One can give a very elegant characterization of the notion of continuity in
terms of open sets. For simplicity, we consider functions defined over the
whole of R".

Let ¢: R™ — R™ be a function that maps R" into R™. Given any subset
V of R™, we denote by ¢~ !(V) the subset

(V) ={x €R": p(x) € V}
of R™ consisting of all points of R™ that are mapped into V' by ¢.
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Theorem 1.13 Let p:R" — R" be a real-valued function over the whole of
n-dimensional Euclidean space R™. Then the function ¢ is continuous on R™
if and only if =1 (V') is an open subset of R"™ for every open subset V of R™

Proof Suppose that p:R" — R™ is continuous. Let V be an open set in
R™. We must show that ¢~ '(V) is open. Let a be a point of o= }(V).
Then p(a) € V and hence there exists some ¢ > 0 such that the open ball
B(p(a),e) of radius € about ¢(a) is contained in the open set V. Applying
the definition of continuity to the function ¢ we see that there exists some
d > 0 such that |p(x) — ¢(a)| < e whenever |x — a| < §. This means that
the image ¢(B(a,d)) of the open ball B(a,d) under the map ¢ is contained
in B(p(a),e) and is thus contained in V. Therefore

B(a,d) C ¢ (V).

We have therefore shown that given any point a of ¢~!(V) there exists an
open ball about a which is contained in the set ¢ ~!(V'). Thus we have shown
that ¢ =1 (V) is open.

Conversely, suppose that ¢: R™ — R™ is a map with the property that
@ 1(V) is an open subset of R" for every open subset V of R™. We must
show that ¢ is continuous. Thus we must show that, given any point a of
R™ and given any € > 0 there exists some § > 0 (where ¢ might depend on
the choice of the point a) such that |p(x) — p(a)| < € whenever |x — a| < 4.
But if we are given ¢ > 0 then the open ball B(f(a),¢) of radius € about a is
an open set in R™, and therefore ¢ ' (B(f(a),e)) is an open set in R". But
a is a point of this set, hence there exists some ¢ > 0 such that

B(a,8) C ¢~ (B(f(a),e))

(where B(a,d) is the open ball of radius § about a). But this means that if
x is a point of R™ which satisfies |[x — a| < § then |p(x) — ¢(a)| < e. Thus
¢ is continuous at a. |

Applying this theorem in the case of a function mapping R” into R we
deduce the following result.

Corollary 1.14 Let f:R™ — R be a continuous real-valued function defined
over the whole of R™. Then, for every real number c, the sets

{xeR": f(x) >c}

and
{xeR": f(x) < c}

are open.
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Proof Note that
(xeR": f(x)>c}=fHteR:t>c}

and
(xeR": f(x)<c}=fHteR:t<c}

Also the sets {t e R:t > ¢} and {t € R: ¢ > ¢} are open subsets of R. The
result therefore follows immediately from the preceding theorem. |

1.10 Sequences

Let (x; : i € N) be a sequence of points in R”. The sequence is said to
converge to a point a of R™ if, for any € > 0 there exists some natural
number N such that |x; — a| < e for all i satisfying ¢ > N. If the sequence
(x; : i € N) converges to the point a then we say that a is the limit of the
sequence, and we write

a= lim x;.
1——+00

One can prove that if the sequences (x; : i € N) (y; : ¢ € N) in R
converge to points a and b of R”, then

lim(x; +y;) = a-+b,
lim (x;.y;) = a.b.

If also (\; : ¢ € N) is a sequence of real numbers which converges to a real
number 5 then
lim )\ixi = Ba.

We now prove two important properties of continuous functions.

Lemma 1.15 Let D be a subset of n-dimensional Euclidean space R™, and
let (x; : i € N) be a sequence of points in D which converges to some point
aof D. Let ¢: D — R™ be a continuous function mapping D into R™ for
some m. Then

zl}inoo o(x;) = ¢(a).
Proof Suppose that we are given some € > 0. Then there exists some § > 0
such that |¢p(x) — ¢(a)| < e for all points x of D which satisfy |x — a| < 4.
But from the definition of convergence (with ¢ playing the role of €) we see
that there exists some positive integer N such that |x; —a] < ¢ for all 4
satisfying ¢ > n. Thus |¢(x;) — ¢(a)| < € for all i satisfying ¢« > N. Thus
o(x;) converges to ¢(a) as i tends to +0o, as required. |}
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Lemma 1.16 Let D be a subset of n-dimensional Fuclidean space R™, and
let (x; : i € N) be a sequence of points in D which converges to some point a of
D. Let f: D — R be a continuous real-valued function on D. If f(x;) > ¢ for
all positive integers i, where c is some real number, then f(a) > c. Similarly,
if f(x;) < d for all positive integers i, where d is some real number, then

fa) < d.

Proof Suppose that f(x;) > ¢ for all . We must show that f(a) > c¢. We
shall show that a contradiction would arise, were it the case that f(a) < c.
Indeeed suppose that the inequality f(a) < ¢ were to hold. Then there would
exist some ¢ > 0 such that f(a) + & < ¢. There would then exist some 6 > 0
such that |f(x) — f(a)| < ¢ for all points x of D which satisfy |x — a| < J,
since f is continuous. In particular, f(x) < ¢ for all points x of D which
satisfy |x —a| < 0. But then there would exist some positive integer N such
that |x; —a| < ¢ for all ¢ satisfying i > NN, since the sequence (x; : i € N)
converges to a. Thus we would have f(x;) < ¢ for all ¢ satisfying i > N,
contradicting the condition that f(x;) > ¢ for all i. Thus we have shown
that f(a) > ¢. An analogous proof shows that if f(x;) < d for all ¢ then

fla)<d. |1
We now prove an important property of closed sets in Euclidean space.

Lemma 1.17 Let F be a closed subset of n-dimensional FEuclidean space R™.
Let (x; : i € N) be a sequence of points of F which converges to some point
a of R™. Then the point a belongs to F.

Proof Suppose that it were the case that a does not belong to F'. We show
that this leads to a contradiction. Now the definition of a closed set tells
us that the complement of F' in R™ is open. Thus if it were the case that a
does not belong to F' then there would exist some § > 0 such that if x is any
point of R™ which satisfies |x — a] < ¢ then x does not belong to F. But
then there would exist some positive integer N such that |x; —a| < § for all
i satisfying i > N, since the sequence (x;) converges to a. Thus we would
have that x; does not belong to F'if ¢ > N. This the required contradiction.
We conclude therefore that a belongs to F'. |}

Note that one can use Lemma 1.15 and Lemma 1.17 to give another proof
of Lemma 1.16. For let (x; : i € N) be a sequence of points contained in
some subset D of R™ which converges to a point a of R", and let f: D — R
be a continuous real-valued function on D. Then f(x;) converges to f(a)
as @ tends to 400, by Lemma 1.15. Suppose that f(x;) > ¢ for all i. Now
the subset [c,400) consisting of all real numbers ¢ satisfying ¢ > ¢ is a
closed subset of R. But f(x;) € [¢,+00) for all i, hence f(a) € [¢, +0), by
Lemma 1.17. Thus f(a) > c. Similarly, if f(x;) < d for all ¢ then f(a) <d.
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2 The Bolzano-Weierstrass Theorem

The theorems proved in this section make use of the least upper bound prin-
ciple. This principle states that any subset S of the set R of real numbers
which is bounded above has a least upper bound (or supremum), denoted by
sup S. Similarly any subset of R which is bounded below has a greatest lower
bound or infimum.

One of the consequences of the least upper bound principle is the fact
that bounded increasing sequences of real numbers always converge, as do
bounded decreasing sequences of real numbers.

Lemma 2.1 Let (s; : ¢ € N) be an increasing sequence of real numbers.
Suppose that there exists some constant C' such that s; < C for all i € N.
Then the sequence (s;) converges, and the limit s of this sequence satisfies
s<(C.

Similarly let (t; : © € N) be a decreasing sequence of real numbers. Suppose
that there exists some constant C' such that t; > C' for all i € N. Then the
sequence (t;) converges, and the limit t of this sequence satisfies t > C'.

Proof Let S be the set S = {s; : i € N} consisting of all of the elements of
the sequence (s;). Then the constant C' is an upper bound for the set S. By
the least upper bound principle we conclude that the set S has a least upper
bound sup S. Define s = sup.S. We claim that s is the limit of the sequence
(i)

Let € > 0 be given. Now there must exist some element sy of the sequence
(s;) with the property that sy > s — ¢, since otherwise s — ¢ would be an
upper bound for the set S, contradicting the definition of s as the least upper
bound of this set. But the sequence (s;) is increasing, so that if ¢ > N then
si > sy >s—e. Also s; < s for all i (because s is an upper bound for the
set S. Thus if i > N then s — e < s; < s, and hence |s; — s| < ¢.

We have therefore shown that, given any ¢ > 0 there exists some positive
integer N such that |s; — s| < € whenever ¢ > N. Thus we have shown that
s is the limit of the sequence s, and moreover s < C' (because C' is an upper
bound for the set S and s is by definition the least upper bound of this set).

An analogous proof shows that the bounded decreasing sequence (t; : i €
N) converges. Indeed the limit of this sequence is inf T', where T' = {t; : i €

Ny
We now define the concept of a subsequence of a sequence (s; : i € N) of

elements of R™. A subsequence of the sequence (s;) is defined to be a sequence
of the form (s;;y : j € N), where (i(j) : j € N) is an increasing sequence of
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positive integers. Thus a subsequence is a sequence obtained by making a
selection of elements of the original sequence. For example, if (s, s9,83,...)
is a sequence of elements of R"™ then (sq,s4,Sg,...) is a subsequence of the
original sequence.

An important theorem of analysis is the Bolzano-Weierstrass Theorem,
which states that every bounded sequence of real numbers possesses a con-
vergent subsequence. We now prove this result. As we shall see, the proof
given here makes essential use of the Least Upper Bound Principle.

Theorem 2.2 (Bolzano-Weierstrass) Fvery sequence of real numbers that is
bounded above and below possesses a convergent subsequence.

Proof Let (s; : i € N) be a sequence of real numbers that is bounded above
and below. For all positive integers m let us define

Sy ={s;i € R:i>m}.

Then each S,, is a subset of R that is bounded above and below. Moreover
S, C S,, whenever r > m. Let us define a,, = sup 5,,, for all positive integers
m. (Note that a,, exists, by the Least Upper Bound Principle, because each
Sy, is bounded above.) Now there exists some constant C' such that s; > C
for all 4, since the sequence (s;) is bounded below. But a,, > s,,, hence
a,, > C for all positive integers m. It follows from Lemma 2.1 that the
sequence (a,, : m € N) converges to some real number c¢. We shall show that
there exists a subsequence of the sequence (s; : i € N) which converges to c.

We construct a subsequence (s;;) : j € N) of the sequence (s;) with the
property that |s;;y—c| < 1/ for all positive integers j. Suppose that we have
found i(1),4(2),...i(k — 1) such that |s;;) —c[ < 1/j for j =1,2,..., k- 1.
We can find some positive integer m with the properties that m > i(k — 1)
and a,, < ¢+ 1/k (since (a,,) is a decreasing sequence of real numbers which
converges to ¢). Thus if i > m then s; < ¢+1/k. But ¢—1/k is not an upper
bound for the set S,, (because ¢ —1/k < a,, and a,, is the least upper bound
of S,,,). Therefore there must exist some i(k) > m such that s;4) > ¢ —1/k.
Then |s;) — c| < 1/k. In this way we can construct, by induction on j, a
subsequence (s;;y : j € N) of the original sequence with the property that
|55y —¢| < 1/j for all j. Then ¢ = lim s;(;), as required. |

Jj—+0o
Remark Given a sequence (s; : i € N) of real numbers that is bounded
above and below, we denote by lim sup s; and lim inf s; the quantities defined

i—+00 t—+00
by
limsup = lim sup{s;:i>m},
i—+00 m—+00
liminf = lim inf{s;:i>m}.
1—+00 m—>+00
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The proof of the Bolzano-Weierstrass theorem given above shows that the

sequence (s;) has a subsequence converging to limsups;. A similar proof
1——400
shows that it has a subsequence converging to lim inf s;.

i——400
We can generalize the Bolzano-Weierstrass Theorem to n-dimensional
Euclidean space R". Thus let (x; : ¢ € N) be a sequence in R”. We say
that this sequence is bounded if there exists a positive constant C' such that
|x;] < C for all i € N. We shall show that bounded sequences in R"” possess
convergent subsequences. First we prove a lemma which shows that if a
sequence in R™ converges ‘componentwise’ then it converges in R".

Lemma 2.3 Let (x; : i € N) be a sequence of points in n-dimensional Fu-
clidean space R™. Suppose that the jth components of the elements of this
sequence form a sequence of real numbers converging to some c; € R. Then
the sequence (x;) converges to the point ¢ of R", where ¢ = (c1,¢a,...,Cy).

Proof Let us denote by x ) the jth component of x; for j =1,2,...,n. Let
€ > 0 be given. Then there exist positive integers Ny, No, ..., Nn such that

\:r: —¢j| <

v

for all ¢ satisfying ¢ > N,. Let N be the maximum of Ny, Ny, ..., N,. Then

x; —cf’ = le - gl

and hence |x; — c| < ¢ for all integers ¢ satisfying ¢ > N. This shows that
the sequence (x; : i € N) converges to c, as required. ||

7

The following theorem generalizes the Bolzano-Weierstrass theorem to
sequences in R"”.

Theorem 2.4 FEvery bounded sequence of points in n-dimensional Euclidean
space R™ has a convergent subsequence.

Proof Let (x;) be a bounded sequence in R". By the Bolzano-Weierstrass
Theorem, applied to the sequence of real numbers represented by the 1st
components of the elements of the sequence (x;), there exists a subsequence
of the sequence (x;) such that the 1st components of the elements of this
subsequence constitute a convergent sequence of real numbers. We apply the
Bolzano-Weierstrass Theorem to the 2nd components of the elements of this
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subsequence to conclude that there exists a subsequence of the subsequence
just constructed for which the 2nd components of the elements of this new
subsequence constitute a convergent sequence of real numbers. Of course
the 1st components of the elements of this new subsequence also constitute
a convergent sequence of real numbers (since subsequences of convergent
sequences are convergent).

We can continue in this fashion to construct the required subsequence of
the original sequence. Thus suppose that, for some integer k between 2 and n,
we have found a subsequence of (x;) such that the jth components of the el-
ements of this subsequence constitute a convergent sequence of real numbers
for j =1,2,..., k—1. We can apply the Bolzano-Weierstrass Theorem to the
kth components of this subsequence to extract a further subsequence from
the subsequence already found with the property that the kth components of
the elements of this new subsequence constitute a convergent sequence of real
numbers. We have thus constructed a subsequence of the original sequence
with the property that the jth components of the elements of this subse-
quence constitute a convergent sequence of real numbers for j =1,2,... k.
By repeatedly applying this procedure we obtain a subsequence of the origi-
nal sequence such that the jth components of this subsequence constitute a
convergent sequence for j = 1,2,...,n. This subsequence is convergent, by
Lemma 2.3. |}

We now introduce the notion of a cluster point of a subset S of n-
dimensional Euclidean space R". We say that a point a of R" is a cluster
point (or limit point) of the set S if, for every £ > 0, there exist an infinite
number of elements s of the set S with the property that |[s —a| < e. Thus a
point a of R™ is a cluster point of the set S if and only if every neighbourhood
of the point a contains infinitely many of the elements of S.

Example Let S be the subset of R consisting of all numbers of the form
1/n, where n is a non-zero integer. Then 0 is a cluster point for this set,
since given any € > 0 there exist infinitely many non-zero integers n with the
property that |1/n| < €. Indeed 0 is the only cluster point of the set S.

Example Let a be any real number. Then a is a cluster point of the set Q
of rational numbers (i.e., numbers of the form p/q where p and ¢ are integers
and ¢ # 0). Indeed for any ¢ > 0 there exist infinitely many rational numbers
r satisfying a —e <r <a+e.

Corollary 2.5 Let S be an infinite subset of R™. Suppose that S is bounded.
Then S possesses a cluster point.
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Proof There exists a sequence (s; : i € N) of distinct points of S, since S is
infinite. This sequence has a subsequence which converges to some point c
of R™, by Theorem 2.4. Then c is a cluster point of the set 5.

3 Continuous Functions on Closed Bounded
Subsets of Euclidean Space

We shall use the n-dimensional generalization of the Bolzano-Weierstrass
Theorem (Theorem 2.4) to show that continuous functions are bounded above
and below on closed bounded subsets of Euclidean space. (A subset K of R™
is said to be bounded if there exists some R > 0 such that |x| < R for all
x € K.)

Theorem 3.1 Let K be a closed bounded subset of R™ and let f: K — R be
a continuous function on K. Then there exist constants A and B such that
A < f(x) < B for all points x of K.

Proof Suppose that the function f were not bounded above. Then there
would exist a sequence (x; : ¢ € N) of points of K such that f(x;) > i for
all positive integers ¢. This sequence would have a convergent subsequence
(xij) : J € N), by Theorem 2.4. Let ¢ be the limit of this convergent
subsequence. The set K is closed, hence ¢ is a point of K (by Lemma 1.17).
Now f is continuous at c. Applying the definition of continuity, we see that
there would exist some ¢ > 0 such that |f(x) — f(c)] < 1 for all points x
of K satisfying |x — ¢| < §. There would also exist some positive integer N
such that [x;;) — c| < ¢ for all j satisfying j > N (since the subsequence
converges to ¢). However this leads to a contradiction, for we would then
have f(x;;y) < f(c)+1 for all sufficiently large j, contradicting the fact that
f(xijy) = i(j) for all j (where i(j) — 400 as j — +00). This contradiction
shows that f is bounded above on K. Similarly the continuous function f is
bounded below on K.

The next theorem shows that continuous functions attain their bounds
on closed bounded subsets of Euclidean space.

Theorem 3.2 Let K be a closed bounded subset of R™ and let f: K — R be
a continuous function on K. Then there exist points a and b of K such that

fla) < f(x) < f(b)
forallx € K.
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Proof The function f is bounded above on K, by Theorem 3.1. Define

c=sup{f(x):x e K}.

We must show that there exists some point b of K such that f(b) = c¢. Now
for each positive integer i there exists a point x; of K for which ¢ — 1/i <
f(x;) < c. Now the sequence (x;) has a convergent subsequence (X;(;) : j €
N), by Theorem 2.4. Let b be the limit of this subsequence. The point b
is in K (by Lemma 1.17), since K is closed. Also f(b) = jgg—noof(Xi(j))’ by
Lemma 1.15. But lim f(x;) = ¢. Hence f(b) = c. It follows from the

1—>+00
definition of ¢ that f(x) < f(b) for all x € K. A similar argument shows
that there exists some point a of K such that f(x) > f(a) forallx € K. |}

Let D be a subset of R" and let f: D — R be a real-valued function on
D. The function f is said to be uniformly continuous on D if and only if, for
all € > 0 there exists some § > 0 such that |f(x) — f(y)| < € for all points x
and y in D which satisfy |x — y| < &, where § does not depend on either x
ory.

Example Let D be the set {t € R : ¢t > 0} of positive real numbers, and
let 2D — R be the reciprocal function, defined by r(t) = 1/t. Then r
is continuous on D (as is shown in the proof of Lemma 1.9). However r
is not uniformly continuous on D. For suppose that ¢ > 0 is given. If r
were uniformly continuous, then there would exist some ¢ > 0 such that
|7(s) —r(t)] < e for all positive real numbers s and ¢ which satisfy |s — | < 4.
But for any such 6 > 0 there exists some positive integer n with the property
that n > e and 1/n < §. Thus if weset s = 1/n and t = 1/2n then |s—t| < 4,
but |r(s) —r(t)| = |n — 2n| = n, so that |r(s) — r(t)| > €. This shows that r
is not uniformly continuous on D, even though r is continuous on D.

The next theorem shows that if a subset K of R™ is both bounded and
closed then every continuous function on K is also uniformly continuous on
K. The proof uses Theorem 2.4, which is the generalization of the Bolzano-
Weierstrass Theorem to sequences in n-dimensional Euclidean space. We
shall use this theorem later on in the course, when we discuss the properties
of the Riemann integral. It plays a crucial role in showing that all continuous
functions are Riemann-integrable.

Theorem 3.3 Let K be a closed bounded subset of R™ and let f: K — R be
a continuous real-valued function on K. Then f is uniformly continuous on
K.
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Proof We prove the theorem by showing that if f were not uniformly con-
tinuous on K then a contradiction would arise. Suppose therefore that f
were not uniformly continuous on K. Then there would exist some ¢y > 0
with the property that, for every strictly positive real number ¢ there would
exist points x and y of K for which |x —y| < ¢ but |f(x) — f(y)| > ¢o.
In particular suppose we apply this with 6 = 1/i for all positive integers i.
We conclude that if f were not uniformly continuous then, for all positive
integers ¢, there would exist points x; and y; of K with the property that

1
‘Xi_Yi‘ < =
7

and
|f(x) = f(¥)| = &o-

Now the sequence (x; : @ € N) is bounded, because K is a bounded subset
of R™. We conclude from Theorem 2.4 that the sequence (x; : 7 € N) has a
convergent subsequence (X;(;) : j € N). Let a be the limit of this subsequence.
Now K is closed, therefore a belongs to K, by Lemma 1.17.

Now f is continuous on K, by hypothesis. In particular, f is continuous
at a. Thus, for every € > 0 there exists § > 0 such that |f(x) — f(a)| < ¢
for all points x € K which satisfy |[x — a] < §. In particular, let us choose
€= %50. We conclude that there exists some ¢ > 0 such that

[f(x) = f(a)] < 380

for all points x € K which satisfy |x — a] < §. But a is the limit of the
sequence (z;(;) : j € N) as j tends to +o00. Thus there exists some positive
integer J such that |x;;) —a| < %5 for all j satisfying j > J. Let us choose
j sufficiently large so that j > J and i(j) > 2/6. Then |x;;) — a] < 36 and
yigy —al < |yig) = Xl + [xig) — 2l
1
< —+ %(5 < 0.
i(7)

Therefore

|f(xi)) — f(a)] < %50,

|f (yi) — f(a)]

We conclude from the triangle inequality that

A
=

™

o

|f (i) — f(yig))| < €o-
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But this is a contradiction, for x;;) and y;(;) were chosen so that the inequal-
ity

|f(xi() — f(yih)| = €0
is satisfied. From this contradiction we conclude that f must be uniformly
continuous on K. |

4 The Riemann Integral

Let a and b be real numbers satisfying a < b and let f:[a,b] — R be a real-
valued function defined on [a, b] which is bounded above and below, so that
there exist real numbers m and M with the property that m < f(¢) < M for
all t € [a,b).

We define a partition P of [a,b] to be a set {tg,t1,...,t,} of real numbers
satisfying

a=ty<t;1<---<th,_1<t,=hb.

Given such a partition P of [a, b], we define the quantities L(P, f) and U(P, f)
by

L(P, f) =) mit; — ti-),

UP, f) = ZMz(tz —ti1),
=1
where
Mi = sup{f(t) . ti—l S t S tl}

(so that m; is the greatest lower bound on the values of f on the interval
[ti—1,t;] and M; is the least upper bound on the values of f on this interval).
Clearly L(P, f) < U(P, f).

Suppose that m < f(t) < M for all t € [a,b]. Then m; > m for all
integers ¢ between 1 and n, hence

L(P,f)=m> (t; —ti-1) = m(b — a),

Similarly U(P, f) < M(b— a). Thus

for all partitions P of [a, b].
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Definition Let a and b be real numbers satisfying a < b and let f:[a,b] — R
be a real-valued function on [a, b] which is bounded above and below. Define
the upper Riemann integral

ul”@m

and the lower Riemann integral

E/b f(t)dt
of the function f on [a,b] by
U/UﬁMt:iMﬂKRﬁ:P$ammmm&MﬂL
L’/b f(t)ydt = sup{L(P, f): P is a partition of [a,b]}.

If the upper Riemann integral of f on [a,b] is equal to the lower Riemann
integral of f on [a,b] then f is said to be Riemann-integrable on [a,b], and

the Riemann integral
b
| rwa

of f on [a,b] is defined to be the common value of the upper and lower
Riemann integrals of f.

Observe that, for every bounded function f on [a, b], the upper and lower
Riemann integrals of the function f are well-defined. However such a function
need not be Riemann-integrable on [a, b].

Let f:[a,b] — R be a bounded real-valued function on [a,b]. We shall
prove that

LLU@&SUAU@&.

In order to prove this fact, we introduce the notion of a refinement of a
partition, and we show that if a partition @ of [a,b] is a refinement of a
partition P, then L(Q, f) > L(P, f) and U(Q, f) < U(P, f).

Let P and @ be partitions of [a,b], given by P = {to,t1,...,t,} and
Q = {s0,51,---,5m}- We say that the partition @) is a refinement of P if the
set P is contained in the set @), so that for every ¢; in P there exists some s;
in @) such that t; = s;.
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Lemma 4.1 Let a and b be real numbers satisfying a < b. Let f:[a,b] — R
be a real-valued function on |a,b] which is bounded above and below on |a, b.
Let P be a partition of [a,b] and let R be a refinement of P. Then

L(R, f) = L(P, f),
U(R, f) <U(P, [).

Proof First we establish notation to be used in the proof. Let the parti-
tions P and R be given by

P = {to,tl, R ,tn_l,tn}a

R={s0,51,-Sm—1,5m},
where
a=to<t; < - <th_1 <t,=0b,
a=8<8 < < 8p_1<8y,=>"
Now for each t; € P there exists some s; € R such that ¢; = s;. Given ¢

between 1 and n, let us define j(i) so that t; = s;(;). Note that j(0) = 0 and
j(n) = m. Let us define

Ml[P, f] = Sllp{f(t) : tz’—l S t S tz},
my[R, f] = inf{f(t) :sj-1 <t < s},
MR, f] = sup{f(t) : sj-1 <t < s},
so that
L(P f) = Zmz‘[P» fIt = tio),
UPf) = > MIPfl(ti = ti),
L(Rf) = 3 milR, flls; = s5-1),
UR.f) = > M[R, fl(s; = 55,
Note that
n 3(@)
L(R, f) = m;[R, f1(s; — sj-1)



Now if j(i — 1) +1 < j < j(i) then
ti1 < 851 <85 < 1y,

(because t;_1 = sj;—1) and t; = s;;)) and so m,[R, f] > m;[P, f] (because
m;[R, f] is the infimum of f on the closed interval [¢;_1, ;] and m;[R, f] is the
infimum of f on the closed interval [s;_i, s;], and this interval is contained
in the closed interval [t;_1,t;]). Therefore

J(4) 3 (@)

> mylR fllsj—si1) = milPfl Y (55— s5)

j=j(i—1)+1 G=j(i—1)+1
=m;[P, f](sj@) — $ji-1))
= my|P, f](t; — ti-1).
Therefore .
=1

An analogous argument shows that U(R, f) < U(P, f). For
n 3(2)
UR =D D, MR fl(sj—s;1)
=1 \j=j(i—1)+1
But if j(i — 1) +1 < j < j(i) then
ti1 < sj-1<s; <t
and so M;[R, f] < M;[P, f], and hence
3(@) 3(@)
> MR fl(sj—sim) < MIP ] Y (s — i)
J=3(i=1)+1 J=3(i-1)+1

= M[P, f1(sj6) — 8ji-1)
= Mi[Pa f](tz - tifl)'

Therefore

U<R7f)SZMZ[Paf](tz_tz—l):U<P7f) I
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Given any two partitions P and @ of [a,b] there exists a partition R of
[a, b] which is a refinement of both P and Q). For example, we can take R to
be the partition of [a, b] consisting of all of the elements of the union P U @
of P and @), ordered in increasing order. Such a partition is said to be a
common refinement of the partitions P and Q.

Let f:[a,b] — R be a real-valued function that is bounded above and
below on [a,b]. Let P and @ be partitions of [a,b]. Let R be a common
refinement of the partitions P and ). On applying Lemma 4.1 we see that

L(P, f) < L(R, ) SU(R, f) < U(Q, f),

We have therefore shown that L(P, f) < U(Q, f) for all partitions P and @
of [a,b]. We use this fact in the proof of the following lemma.

Lemma 4.2 Let f:[a,b] — R be a real-valued function that is bounded above
and below on [a,b]. Then

b b
c/ £(#) dtgu/ £(#) dt.
Proof Let P and @ be partitions of [a,b]. Then

L(P, f) <UQ, f),

by Corollary 4.2. Taking the supremum of the left hand side of this inequality
as P ranges over all partitions of [a, b] we see that

ﬁ/f@ﬁSWQﬂ

for all partitions @ of [a,b]. Taking the infimum of the right hand side of
this inequality as @) ranges over all partitions of [a, b] we see that

b b
E/ f(t)dtgu/ f(t)dt,
as required. Jj

Remark Let us for the moment consider the consider when f is non-negative
and bounded. Let us consider the area of the region R in the Euclidean plane
defined by



where a and b are real numbers satisfying a < b. Thus R is the region ‘under
the graph of the function’. We suppose that f is ‘regular enough’ to ensure
that this area is indeed well-defined. We now explain why

b
area of R = / f(z)dx.

Let P be a partition of [a, b] given by P = {t¢,1,...,t,}, where
a=tyg<t;<---<t,=b

Consider the regions R; and R, defined by

Ri = J{(zy) €R?* 1 ti <o < 1,0 <y <my},

i=1
n

Ry = | J{(z,y) €R? it <o <1,0 <y < M},

where
m; = inf{f(x):t; 1 <z <t}
M; = sup{f(x):ti1 <z <t}

Note that Ry C R C Ry. Also R; and Ry are unions of rectangles. Let A(R),
A(Ry) and A(R2) denote the areas of R, Ry and Ry respectively. Then

A(Ry) = Zmi<ti —ti_1) = L(P, f),

n

i=1

Now if the area A(R) of R is well-defined then clearly A(R;) < A(R) <
A(Ry), since Ry C R C Ry. Thus

b
L(P.f) < / f(x)dz <U(P, f).

If we take the supremum of the left hand side of this inequality over all
partitions P of [a,b], and if we take the infimum of the right hand side of
this inequality over all partitions P of [a, b] we deduce that

gﬁﬂwﬁgmmgu/v@ﬁ.
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We conclude therefore that if f is bounded and non-negative on [a, ], if the
area A(R) of the region R defined above is well-defined and if f is Riemann-
integrable on [a, b] then

b
A(R) = / £(1) dt.

Thus the integral of a function measures the area ‘under the graph of the
function’ if the function is bounded, non-negative and Riemann-integrable.
Similarly if the function is bounded, non-positive and Riemann-integrable on
[a, b] then

) - | () d.

where A(R') is the area of the region R’ ‘over the graph of the function’
defined by

R={(z,y) eR*:a<a<b, flx)<y<0}
Theorem 4.3 Let f:[a,b] — R be a bounded real-valued function on [a,b].

Then f is Riemann-integrable on [a,b] if and only if, for every ¢ > 0 there
exists a partition P of [a,b] for which

U(P,f)— L(P,f) < <.

Proof Suppose that f is Riemann-integrable on [a,b]. Let € > 0 be any
positive real number. Then there exists a partition @ of [a, b] such that

b
/ () dt— L(Q. f) < ke,

since the Riemann integral of f on [a, b] is equal to the lower Riemann integral
on [a, b] and hence

b
/ f(t)dt =sup{L(Q, f) : @Q is a partition of [a,b]}.

Similarly there exists a partition R of [a, b] such that

U(R. f) - / Cfdt < ie,

since

/bf(t) dt = inf {U(R, f) : R is a partition of [a,b]} .
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Then U(R, f) — L(Q, f) < e. Let the partition P of [a,b] be a common
refinement of the partitions () and R. Using Lemma 4.1 we see that

L(Q, ) < L(P, f) SUP, ) SU(R, f),

and hence U(P, f) — L(P, f) < €. This shows that if f is Riemann-integrable
then, given any € > 0, there exists a partition P of [a, b] such that U(P, f) —
L(P f) <e.

Conversely, let f:[a,b] — R be a bounded real-valued function on [a, b]
with the property that, given any £ > 0, there exists a partition P of [a, b]
such that U(P, f)— L(P, f) < e. We must show that f is Riemann-integrable
on [a,b]. Now

uaﬁgcfv@ﬁgu/w@ﬁéU@ﬂ

for all partitions P of [a, b]. Therefore we conclude that

/f t)ydt — L /f t)dt <e

for all € > 0. But this implies that

ul%@ﬁ—ﬁlv@ﬁgu

But we have already shown that

ul%@ﬁzclv@ﬁ
u[%@ﬁzclv@ﬁ

and thus f is Riemann-integrable on [a, b, as required. |}

Hence

Corollary 4.4 Let f:[a,b] — R be a bounded real-valued function on [a,b].
Suppose that [ is Riemann-integrable on [a,b]. Then for every e > 0 there
exists a partition P of [a,b], where P = {tg,t1,...,t,}, such that

b n
a i=1
for all collections {xy,xs,...,2,} of points which satisfy the inequalities

tig <y < 1.
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Proof Given any € > 0 there exists a partition P of [a, b] such that U (P, f)—
L(P, f) < e (by Theorem 4.3). But

L(P,f) = Zmi(ti —ti1),

UP,f) =Y Mi(ti — ti1),
i=1
where
Mz’ = sup{f(t) . ti,1 S t S tl}
Thus if tz‘—l S ZT; S tz then m; S f(ZL’z) S Mi, and hence

n

L(P, f) < fla:)(t: — tia) S U(P, f).

But ,
L@ﬂg/fmﬁgwaﬁ

and U(P, f) — L(P, f) < e. The required result follows directly from these
inequalities. |}

Example Let f be the function defined by f(¢) = ¢t + d, where ¢ and d are
constants. For simplicity, we restrict our attention to the case when ¢ > 0.
We shall show that f is Riemann-integrable on [0, 1] and evaluate

/0 1 £() at

from first principles. In order to show that f is Riemann-integrable, it suffices
to show that, given any £ > 0, there exists some partition P of [0, 1] such
that U(P, f) — L(P, f) < €. In order to accomplish this we shall consider the
partition P, of [0, 1], where n is a positive integer and P, is a partition of
[0, 1] into n subintervals of equal length. We shall show that

lim (U(P, f)—L(P, f)) =0,

n—-+4o00

so that, given any € > 0, U(P,, f) — L(P,, f) < ¢ for all sufficiently large n.
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Now P, = {to,t1,...,t,}, where t; = i/n. Now f takes values between
(i —1)e/n +d and zc/n + d on the interval [t;_1,t;]. We are considering the
case when ¢ > 0. Thus if

m; = inf{f(t):t; 1 <t <t}
M; = sup{f(t):t;i.1 <t <t;},
then
S (it (] M:fﬂl,
n
hence

1
_ cn+ )—i—d—E
2n n
c c
— —4d-——
2 on’

UP,, f) = ZM@-(@ —ti 1)

Thus U(P,, f) — L(P,,f) = ¢/n. We conclude that, given any ¢ > 0,
U(P,, f) — L(P,, f) < ¢ for all sufficiently large n. Therefore f is Riemann-
integrable on [0, 1]. Moreover

L(P,.f) < / J(t)dt < U(Py, f)

for all positive integers n. Thus

—+d——</f t)dt < = +d+—
2n
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for all positive integers n. Therefore we must have

/0 fleyde =5 +d

One can use a similar argument to prove this result also for the case when
c <0.

The above example illustrates a useful technique when one is attempting
to show that a function is Riemann-integrable and evaluate the integral from
first principles. In order to show from first principles that a function f is
Riemann-integrable on some interval [a,b], where f is bounded on [a, b], it
suffices to show that, given any € > 0, there exists a partition P of [a, b] such
that U(P, f)— L(P, f) < &, by Theorem 4.3. In order to find such a partition
it is often sufficient to consider partitions P, for all positive integers n, where
P, is a partition of the interval [a, b] into n intervals of length (b—a)/n. (Thus
P, ={to,t1,...,t,}, where t; = ((n —i)a + ib)/n.) If one can show that

Jm (U(Py, f) = L(B, ) =0
then one can deduce from this that the function f is Riemann-integrable on
[a, b]. Moreover one knows that

b
uangfmﬁswaw

for all positive integers n, hence

b
1 < < i .
Jim LR < [ p0de< in U
This enables us to calculate the Riemann integral of f on [a,b] from first
principles.

We now prove that sums and scalar multiples of Riemann-integrable func-
tions are Riemann-integrable.

Theorem 4.5 Let a and b be real numbers satisfying a < b and let f:[a,b] —
R and g:|a,b] — R be bounded Riemann-integrable functions on |a,b]. Let c
be a real number. Then the functions f + g and cf are Riemann-integrable
on la,b], and

b b b
/U@+mmﬁ==/f@ﬁ+/g®ﬁ
a b a b a
/(cf(t))dt _ c/ £(t) dt.
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Proof Let R be a partition {to,t1,...,t,} of [a,b], where
a=tg <t < - <th_1 <t,=0b
Given any bounded real-valued function h on [a, b] we define

mi[R,h] = inf{h(t) :t;1 <t <
M;[R,h] = sup{h(t):t;_1 <t <t}

so that
L(R,h) = i m;[R, h](t; — ti_1),
U(R,h) = Zn: M;[R, h|(t; — t;—1).

i=1

for any bounded real-valued function h on [a, b].
If t,-y <t <t; then f(t) > my[R, f] and g(t) > m;[R, g], hence

for all ¢ € [t;—1,t;]. It follows from the definition of m;[R, f + g] that
A similar argument shows that
We conclude from the definitions of L(R, f + g) and U(R, f + g) that

L(R, f+g)
U(R, f+g)

L(R, f) + L(R, g),

>
< U(R, f)+U(R,g),

Let ¢ > 0 be given. Now it follows from the fact that f and ¢ are
Riemann-integrable that there exist partitions P and @ of [a, b] such that



Now there exists a partition R of [a,b] which is a common refinement of P
and . Then L(R, f) > L(P, f) and L(R,g) > L(Q, g), by Lemma 4.1, hence

LR, f+g9) > L(R,f)+L(R,g)
> L(P f)+ L(Q,9)

> /ftdt+/ g(t)dt —e.

b
z/&ﬂw+g@wﬁzMRJ+gx

£/ t)+g(t dt>/f dt+/abg(t)dt—€

for all € > 0, hence

£/ t)+g(t dt>/f dt—i—/abg(t)dt.

Similarly, given any ¢ > 0 we can find partitions P and @ of [a,b] such
that

But

hence

Let R be a partition of [a,b] which is a common refinement of P and Q.
Using Lemma 4.1 we see that

b
u/Xﬂw+g@wﬁ U(R, f +g)

<
< U(R, f)+U(R,g)
< UWPf)+U(Q,9)

< /ftdt—l—/ g(t)dt +e.

Since this inequality holds for all € > 0, we conclude that
b b b
u [(Go+gas [ soa+ [ oo
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But
ﬁ/U@+ﬂmﬁ§U/(WHﬂ®Mu

hence

b b b b
c/uw+amw=u/uw+mmm=/f@ﬁ+/g@w

We conclude that f + ¢ is Riemann-integrable and

b b b
/(f(t)+g(t))dt:/ f(t)dt+/ o(t) dt.

Finally we show that c¢f is Riemann-integrable on [a, b] for all real numbers

¢, and
/abcf(t)dt:c/abf(t)dt

This follows immediately from the fact that if P is any partition of [a, b] then
L(P,cf) = cL(P, f) and U(P,cf) = cU(P, f) (by definition of L(P,cf) and

U(P,cf)), so that
b b
E/ cf(t)dt = cc/ F(t) dt

L{/abcf(t)dt - cu/abf(t)dt

Theorem 4.6 Let a, b and ¢ be real numbers satisfying a < b < c. Let
f:la,c] — R be a bounded real-valued function on [a,c|. Suppose that f is
Riemann-integrable on the intervals [a,b] and [b,c|. Then f is Riemann-
integrable on [a,c], and

/acf(t)dt:/abf(t)dt—i—/bcf(t)dt

Proof We now establish the notation to be used in the proof. Given real
numbers u and v satisfying u < v, where f is defined and bounded on [u, v],
and given a partition P of [u,v] with P = {t¢,t1,...,t,}, where

U=ty <t < - <tlp1 <tp=w0,

we define

L(P, f,u,v) = Zmzl_ll
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U(P, f,u,v) = ZMz(tz —ti_1),
i—1

where

Mi = sup{f(t) . ti—l S t S tz}

(i.e., the quantities L(P, f,u,v) and U(P, f,u,v) are the quantities that we
denoted previously by L(P, f) and U(P, f) respectively, but they are de-
noted in this proof by L(P, f,u,v) and U(P, f,u,v) in order to emphasize
the dependence of these quantities on the endpoints of the chosen interval
[u, v].

Let € > 0 be given. We show that there exists a partition P of [a, ¢| such
that U(P, f,a,c) — L(P, f,a,c) < €. Given this fact, it then follows from
Theorem 4.3 that f is Riemann-integrable on [a, ¢].

Now f is Riemann-integrable on the intervals [a,b] and [b, ¢], hence there
exist partitions Q1 and @ of [a, b] and partitions R; and Ry of [b, ¢| with the
property that

b
L(Qlaf7a7b> > / f(t)dt_ia

b
U(Qs, frab) < L/ Fleyde+ S,

L<Rl7fab7c) > \/bcf(t)dt—i,
€

me@@<:/U@ﬁ+1
b

Let ) be a common refinement of the partitions (J; and ()2 and let R be a
common refinement of the partitions R; and Ry. Then

IS
)

b c b
Lf@ﬂ—Z<L@Jmﬁ%dﬂ@ﬁmM<LjﬁMHq

e
R

Af@ﬁ—i<uﬁﬁa@<mﬁﬁ@@<lf@ﬁ+4

by Lemma 4.1. Let P be the partition of [a, ¢] consisting of all points of the
partitions @ and R. Thus if @ = {to,t1,...,t,} and R = {so,1,-..,Sm},
where

a=ty <t <---<t,=0b, b=5sg<s51 << S8n=0~¢,
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then P = {ug,u1,...,Upsm}, Where

) s fn<i<n4+m.

Then

L(P, f,a,c) = L(Q, f a,b)+ L(Q, f,b,c¢),
U(P, f,a,c) = U@, f,a,b) +U(Q, f,b,0),

hence

€

b c
L(P,f,a,6)>/ f(t)dt+/b f(t)dt—§,

3

b c
U@%%d</f®ﬁ+lf@ﬁ+?

Thus U(P, f,a,c) — L(P, f,a,c) < e. It follows from Theorem 4.3 that f is
Riemann-integrable on [a, ¢]. Moreover

L(P, f.a,c) < /Cf(t) dt < U(P.f,a,0).

/acf(t)dt—/abf(t)dt—/bcf(t)dt‘ <§

But this inequality must hold for every € > 0. Hence

/acf(t)dtz/abf(t)dtJr/bcf(t)dt. ]

We now show that continuous functions are Riemann-integrable.

hence

Theorem 4.7 Let a and b be real numbers satisfying a < b and let f:[a,b] —
R be a continuous function on the interval [a,b]. Then f is Riemann-
integrable on [a,b].

Proof The closed interval [a, b] is a closed bounded set, and continuous func-
tions are bounded above and below on closed bounded sets, by Theorem 3.2.
Thus f is bounded above and below on [a,b]. We show that, given there
exists a partition P of [a,b] such that U(P, f) — L(P, f) < e. It will then
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follow from Theorem 4.3 that f is Riemann-integrable on [a,b]. (As usual,
the quantities L(P, f) and U(P, f) are defined by

L(P, f) = mi(t; —ti1),

UGUU:Z)%@—EA%

where

Now f is uniformly continuous on the closed bounded interval [a,b], by
Theorem 3.3. Thus, given € > 0, there exists some o > 0 such that

€
|f(z) = fly)] < 50 —a)
for all z,y € [a,b] which satisfy |z —y| < 6. Now chose a partition P of
[a,b], where P = {to,t1,...,t,}, such that |t; —t; 1| < 0 fori=1,2,...,n
(e.g., let P be the partition of [a, b] into n intervals of length (a —b)/n, where
n > (a —0b)/d). Thus if  and ¢ belong to the interval [¢;_;,%;] then

7@ =101 < 55—
so that .
1) < @)+ 55—
Thus if ¢t;,_1 < z <t; then
ﬂ@+2wi@

is an upper bound for the set {f(¢) : t;_1 <t < t;}, and hence

Aﬂsﬂ@+2wi®,
where
M; = sup{f(t) : ti-1 <t <1;}.)
But then .
R
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is a lower bound for the set {f(t) : t;,_1 <t <t;}, and hence

€
Mi - < (3
260 —a) ="

where

m; = inf{f(t) : ;.1 <t <t}
Thus c

M; —m; < ' =1,2,...,n).

m 20—a) (i n)

Hence

UPf) = L(P.f) = D (M= mi)(ti = ti-))

€ €
< tz—tz_ - = .
= 2(b—a);( =3¢

It follows from Theorem 4.3 that f is Riemann-integrable on |a,b], as re-
quired. |

5 The Fundamental Theorem of Calculus

We have defined the Riemann integral for the class of bounded Riemann-
integrable functions on some closed bounded interval, and we have shown
that all continuous functions are Riemann-integrable. However the task of
calculating the Riemann integral of such a function directly from the defini-
tion of this integral is somewhat difficult in practice for all but the simplest
functions. We need some simpler way of finding integrals of continuous func-
tions. To do this one uses the Fundamental Theorem of Calculus, which
shows that the derivative of an indefinite integral of a function is the func-
tion itself.

Theorem 5.1 (The Fundamental Theorem of Calculus) Let f:[a,b] — R be
a continuous real-valued function defined on the interval [a,b], where a and
b are real numbers satisfying a < b. Define a function F:[a,b] — R by

Flz) = / F(t)dt.

Then IF
Ir = f(7)

o1



for all x satisfying a < x < b. Similarly

lim F(a+h) — F(a) ~ f(a). lim F(b+h)— F(a)

h—0+ h h—0— h

= f(b).

Proof Let x be an real number satisfying x < x < b. Choose ¢ > 0. Because
f:]a,b] — R is continuous there exists some § > 0 such that |f(t)—f(z)| < 3¢
for all ¢ € [a,b] satisfying |t — z| < o.

Consider the case when a < x < b. Suppose that 0 < h < ¢ and
[z, 2z + h] C [a,b]. Then

J(2) = Le < F(t) < f(2) + Le

for all t € [x,x + h]. If we integrate the terms occuring in these inequalities
over the interval [x,z + h] (which is of length h) we deduce that

U@—%MS/Hf@ﬁSU@+¥W

[rwa= [ [ s

by Theorem 4.6, hence

But

/Hh F(#)dt = F(z + h) — F(a).

Thus if 0 < h < ¢ and [z, 2 + h] C [a, b] then

< F(x+h) — F(x)
h

< flx)+ %6.

A similar argument shows that ifa <z < b,if0 < k < § and [x—Fk, z] C [a, b]
then

(F@) = 3o < [ f@)de < () + o)k

z—k

so that

1 F(z)— F(zx — k)

2= k
Suppose that a < x < b. Given € > 0, we choose § > 0 such that

(x — 0,2+ ) C [a,b] and

fla) =58 < f(t) < f(x) + 3¢

< flx)+ %8.
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for all t € [a,b] satisfying |t — x| < §. (This is possible by the continuity
of f.) If we apply the above results (considering the cases 0 < h < § and
—§ < h < 0 separately) we see that

F(zx+h)— F(x)
h

—flz)| < je<e.

for all h satisfying 0 < |h| < 4. It follows from the formal definition of limits
of functions that

dF (z) F(x+h) — F(z)

dr o h = @)
Similarly
F h)—F Fb+h)—F

We can use the Fundamental Theorem of Calculus to prove many very
familiar theorems used when calculating integrals of continuous functions.
To prove these results, we shall also make use of the following lemma.

Lemma 5.2 Let f:[a,b] — R and g:[a,b] — R be continuous real-valued
functions on a closed interval [a,b] (where a < b) that are differentiable on
the open interval (a,b). Suppose that f(a) = g(a) and that f'(z) = ¢'(x) for
all z € (a,b) (where f' and g are the derivatives of f and g respectively).
Then f(x) = g(x) for all x € |a,b

Proof Consider the function h:[a,b] — R defined by h = f — g. Given x
satisfying a < x < b we apply the Mean Value Theorem to the function A
on the interval [a, x] to conclude that h(x) — h(a) = W' (t)(z — a) for some ¢
satisfying a < t < z. But A'(t) = 0 for all t € (a,b). Hence h(x) — h(a) = 0.
But h(a) = 0. Hence h = 0, and thus f = g on [a,b]. |}

We now describe a number of familiar corollaries of the Fundamental
Theorem of Calculus.

Let f:[a,b] — R be a continuous function on a closed interval [a,b]. We
say that f is continuously differentiable on [a, b] with derivative f’: [a,b] — R
if and only if the derivative

o F+h) — f()

h—0 h

f'x) =
exists for all x satisfying a < x < b, the one-sided derivatives

o) 1 Ha D) = F@)

h—0t h ’
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o) — i LT = FO)

h—0— h

Y

exist at the endpoints of [a,b], and the function mapping ¢ to f’(t) is con-
tinuous throughout [a,b] (and in particular is continuous at the endpoints of
this closed interval).

Corollary 5.3 Let f:[a,b] — R be a continuously differentiable function on
the closed interval [a,b]. Then

b
/ F(t)dt = £(b) — f(a)

Proof Define g:[a,b] — R by

g(x) = f(a) + / "t

Now g(a) = f(a). Also g is continuously differentiable on [a,b] and ¢'(x) =
f'(z) for all x € [a,b], by the Fundamental Theorem of Calculus. Hence
g = f on [a,b], by Lemma 5.2. In particular

b
f0)= s+ [ Foa
as required. Jj

Corollary 5.4 (Integration by Parts) Let f:[a,b] — R and g:[a,b] — R be
continuously differentiable functions on the closed interval [a,b]. Then

b b
/f(t)g’(t)dt+/ f'()g(t)dt = f(b)g(b) — f(a)g(a).

Proof Apply Corollary 5.3 to the product function t — f(¢)g(t) and apply
the Product Rule, which states that if A is the function defined by h(t) =

f()g(t) then W' (t) = f()g'(t) + f'(H)g(t)- N

Corollary 5.5 (Integration by Substitution) Let w:[a,b] — R be a con-
tinuously differentiable monotonically increasing real-valued function on the
closed interval |a,b]. Define ¢ = u(a) and d = u(b). Let f:[c,d] — R be a
continuous function on the closed interval [c,d]. Then

/Cdf(t) dt = /abf(u(x))u’(x) .
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Proof Define F: [a,b] — R and G:[c,d] — R by

Flz) = / F(u) (w)dy,

Gs) = / F(t)dt

and let us define H:[a,b] - R by H = G owu (so that H(z) = G(u(x)) for all
x € [a,b]). It follows from the Chain Rule and the Fundamental Theorem of
Calculus that

H'(z) = G'(u(x)'(z)

= flu@)u'(z),
F(z) = [flu(x))'(z) = H'(z),

for all z € [a,b]. Also F(a) = 0 = G(¢) = H(a). We conclude from
Lemma 5.2 that H = F' on [a,b]. In particular, H(b) = F(b), so that

/cdf(t) di = /abf(u(fff))w(x) dz. |

6 Uniform Convergence, Limits and Integrals

Definition Let (f; : j € N) be a sequence of real-valued functions defined
on some set X and let f be a real-valued function on X. The sequence (f;) is
said to converge uniformly on X to the function f as 7 — 4o0 if and only if,
for every e > 0, there exists some positive integer N (chosen independently
of the point x € X)), such that |f;(x) — f(x)| < e for all x € X and for all j
satisfying j > N.

Theorem 6.1 Let (f; : j € N) be a sequence of continuous real-valued func-
tions defined over some subset X of R". Suppose that the sequence (f;)
converges uniformly on X to some real-valued function f on X as j — +o0.
Then f is continuous.

Proof Let a be a point of X. We show that f is continuous at a. Let
e > 0 be given. Then there exists some positive integer N (independent of
the choice of x € X such that |f;(x) — f(x)| < ie for all x € X and for
all j > N, since the sequence (f;) of real-valued functions on X converges
uniformly to f as 7 — +o0o. Choose any integer j satisfying 7 > N. Now
the function f; is continuous at a, hence there exists some ¢ > 0 such that
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|f(x) — f(a)|] < ie for all x € X satisfying [x —a| < 6. Thus if j > N and
|x —a| < J then

f(x) = fix)| < 3e,
() = fi(@)] < 3
f(a) = fi(a)l < 3e.

It follows from the Triangle Inequality that
If(x) = f@)] < [f(x) = fix)+ /&) = fi(a)] +|fi(a) - f(a)]

1 1 1.
< §5+§5+§5—5.

We have therefore shown that, given any € > 0, there exists some ¢ > 0 such
that |f(x) — f(a)| < & whenever x € X satisfies |x —a| < §. Thus f is
continuous at a. This shows that f is continuous on X, as required. |}

Theorem 6.2 Let a and b be real numbers satisfying a < b and let (f;:j €
N) be a sequence of continuous real-valued functions on [a, b] which converges
uniformly to some continuous real-valued function f on |a,b]. Then

b b
Jim o= [ s

Proof Let ¢ > 0 be given. We must show that there exists some positive

integer N such that
b b
/ fj(t)dt—/ f(t)dt‘ <e

for all integers j satisfying j > N.

Now f;(t) — f(j) < [f;(t) = f(£)| and f(£) — f5(5) < [£;(t) — f(£)] for all
t € [a, b], hence

/fj dt—/f t)dt = /fj( dt</]fj ()] dt

/abf(t)dt—/abfj(t)dt:/(fj( dt</ If;(t) — f(b)] dt.
Hence dt—/ f(t dt’ /|fj (t)| dt.
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for all positive integers j.

Now the sequence (f; : j € N) converges uniformly to f on [a,b]. Thus,
given any gy > 0, there exists some positive integer N such that |f;(t) —
f(t)| < eo for all t € [a,b] and for all integers j satisfying j > N. Let us
choose gy such that

19
0<egg< .
b—a

We conclude that there exists a positive integer N such that

£(t) = FO] <20 < 7—.

for all t € [a,b] and for all integers j satisfying j > N. Thus if j > N then

A

[ wa- [ s jai| < 0 Fwlde

a

VAN

go(b—a) <e,
as required. |}

Example Let (f; : j € N) be the sequence of continuous functions on the
interval [0, 1] defined by

fit) =3t —t¥).
Note that f;(0) = f;(1) = 0 for all j € N. Suppose that 0 <t < 1.
We show that

lim f]( )=

Jj—+oo

for all ¢ satisfying 0 <t < 1. Given t satisfying 0 < ¢t < 1 let us choose u
such that ¢ < u < 1. There exists some positive integer k such that

k+1

k t
Define s; = jt/. Then

J+1
s 7(]+1)t§ (k+1)t<u
£ J k

for all integers j satisfying j > k (where we have used the fact that

N

j+1<k+1

o7



for all integers j satisfying j > k). It follows by induction on j that if j > k
then s;/sp < u/~*, so that

0 < jt! < ktFuI=",

Now [jt%| < |jt?], hence | f;(t)| < 2kt*u/=* for all integers j satisfying j > k.
But '

lim 2ktFui™" =0,

Jj—+o0
since 0 < u < 1. We conclude that

i f;(t) =0

for all ¢ satisfying 0 < ¢t < 1. But this result also holds when ¢ =0 and t = 1,
since f;(0) = f;(1) =0 for all j. Thus

lim fi(t) =0 (0<t<1)
J—+too
We claim however that the sequence (f; : j € N) of real-valued functions

on [a,b] does not converge uniformly on [0, 1] to the zero function. Let us
define

1f3ll = sup{[f;(#)] : 0 < ¢ < 1}.

It is easy to show from the definition of uniform convergence that if the
sequence (f; : j € N) were to converge uniformly to the zero function on
[0,1], then we would have || f;|| = 0 as j — 4o00. (Indeed, if € > 0 is given
and if f; — 0 uniformly on [0, 1] then there would exist a positive integer N
such that |f;(t)| < 3¢ for all ¢ € [0,1] and for all j satisfying j > N, so that
£l < 3¢ < e for all j > N, showing that | f;|| — 0 as j — +00.)

Let us evaluate || f;||. Note that f(¢) > 0 for all ¢ € [0,1]. Now

70 = 2971 - 20).

We see that f; is non-negative on [0,1], it is increasing on [0, x;] and it is
decreasing on [z, 1], where r} = . Now fj(27) = j/4. We conclude that
|| f;ll = j/4. Thus the sequence (f; : j € N) does not converge uniformly to
the zero function on [0, 1].

Now . . .
J J

() dt = — ,

/ij<) j4+1 2541

hence

1
. 1
jgg—noo/o fit)dt = 3.
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This shows that .
li (t)dt #0

jggéfﬂ) 70,
even though f;(t) — 0 as j — +oo for all ¢ € [0,1]. Let this example be a
warning to you, demonstrating that it is not always possible to interchange
limits and integrals. Perhaps the most remarkable fact about the above
example is that the functions f; used are not weird ‘pathological” functions,
but are merely simple polynomial functions.

Example Consider the continuous functions g;:[0,1] — R on [0, 1] (for all
positive integers j) defined by

0 ﬁogtgé,
45(45t — 1) 1f4i<t§2ij,
9:(t) = 4j(3 —4jt) if = <t< 2
25 — 7 = 45
0 ﬁ%gtgl

Now a simple calculation shows that

/01 gi(t)dt = 1.

(Indeed this integral is the area of a triangle in the plane whose base is of
length 1/(27) and whose height is 45.) Thus

1
/ gj(t)dt — +o0
0

as j — +oo. But
lim g;(t) =0

Jj—r+oo

for all ¢ € [0,1]. Indeed g;(0) = 0 for all j, and if 0 < ¢ < 1 then g;(¢) =0
for all j > 3/(4t). However it is readily seen that the sequence (g; : j € N)
does not converge uniformly to the zero function on [0, 1].

6.1 Integrals over Unbounded Intervals

Definition Let f:[a,+00) be a bounded real-valued function on the (un-
bounded) interval [a,+00) which is Riemann-integrable over each closed
bounded subinterval of [a, +00). We define

+o0
f(t)dt = lim / f(t)dt,
b—+4o0
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provided that this limit exists. Similarly if f:(—o0,b] is a bounded real-
valued function on the (unbounded) interval (—oo,b] which is Riemann-
integrable over each closed bounded subinterval of (—oo, b] then we define

b b
/ Ft)dt = lim [ f(t)dt,

a——00 a

provided that this limit exists. If f:R — R is a real-valued function defined
over the whole of R which is Riemann-integrable over each closed bounded
subinterval of R then we define

a——00,b——+00

+o0 b
f(t)dt = lim / f(t)dt,
provided that this limit exists.

Example Consider the functions h;: R — R defined by
J
h;(t) = Py

for all t € R and for all ;7 € N. Note that

+oo +oo du

Note also that h;(t) — 0 as j — +oo for all ¢ € R. Indeed h;(t) < 1/j for
all ¢ € R, hence the sequence (h; : j € N) converges uniformly to the zero
function on R.

Remark We know from Theorem 6.2 that if (f; : j € N) is a sequence
of continuous real-valued functions on a closed bounded interval [a, b] which
converges uniformly on [a,b] to a continuous function f then

b b
Jim [ [ s

The above example shows that the corresponding result does not hold for
integrals over unbounded intervals. (It is instructive to examine the proof of
Theorem 6.2 in order to see why the proof cannot be generalized to cover the
case where the integrals are taken over an unbounded interval.)
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6.2 Integrals of Unbounded Functions

Let f:[a,b] be a real-valued function on an interval [a,b] and let ¢ satisfy
a < ¢ < b. Suppose that f is unbounded around ¢ but has the property that
f is bounded and Riemann-integrable on the intervals [a,u| and [v, b] for all
u, v satisfying a < u < ¢ < v < b. Then we define

b

b u
/ ftyde=lim [ f@yde+ im [ f(t)de,

u—cCc a vV—C v

provided that this limit exists. Similarly if f is unbounded around a but
has the property that f is bounded and Riemann-integrable on [v, b] for all
v satisfying a < v < b, then we define

/abf(t) dt = lim /vbf(t) dt,

v—at

provided that this limit exists, and if f is f is unbounded around b but has
the property that f is bounded and Riemann-integrable on [a,u] for all u
satisfying a < u < b, then we define

/abf(t) dt = lim /auf(t) dt,

u—b—

provided that this limit exists.
Example Let a satisfy 0 < a < 1. Then

1 1
/ t7*dt = lim tdt
0

v—0+ v

1 : l—«a
o 1—« vllgl—l-(l v )

1
1—a

7 Differentiation of Functions of Several Real
Variables

7.1 Linear Transformations

The space R™ consisting of all n-tuples (z1,zs,...,x,) of real numbers is a
vector space over the field R of real numbers, where addition and multipli-
cation by scalars are defined by

(1317372;---7«1311)+(y1;y2;---7yn) = ($1+y17$2+y27~->$n+yn);
Mzy, e,y xy) = (Az, Azg, ..., Axy,)
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for all (x1,z9,...,2,), (Y1,%2,.-.,yn) € R" and X € R.

Definition A map T:R" — R™ is said to be a linear transformation if
Tx+y)=Tx+Ty, T(Ax) = \Tx

for all x,y € R” and A € R.

Every linear transformation 7:R"™ — R™ is represented by an m x n
matrix (7;;). Indeed let e, e,,...,e, be the standard basis vectors of R

defined by
e; = (1,0,...,0), e =(0,1,...,0),...,e,=(0,0,...,1).

Thus if x € R™ is represented by the n-tuple (x,z,...,x,) then

X = Z ZL’jej.
j=1
Similarly let f;, f5, ..., f,, be the standard basis vectors of R™ defined by

fi =(1,0,...,0), £=1(0,1,...,0),...,f,=(0,0,...,1).

Thus if v € R™ is represented by the n-tuple (v1,vs, ..., v,,) then

VvV = i szz

=1

Let T:R"™ — R™ be a linear transformation. Define T;; for all integers ¢
between 1 and m and for all integers j between 1 and n such that

Te; = i T
i=1

Using the linearity of 7', we see that if x = (x1, 29, ...,x,) then

Tx =T (zn: lEjej) = zn: ZL‘] Te] = Zm: <zn: T;‘jxj) fz
j=1 j=1 j=1

=1

Thus the ¢th component of Tx is

Tixy + Tigxg + - - - + Thxy,.
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Writing out this identity in matrix notation, we see that if Tx = v, where

€ (%1
X2 V2
X = ) , vV = : ,
Tn Um
then
U1 Ty T Ty x
U2 o Ty T 15, X2
Um, To1i T ... Ton Ty

Recall that the length (or norm) of an element x € R" is defined such
that

X" =2t +ag 4t

Lemma 7.1 Let T:R™ — R™ be a linear transformation from R™ to R™.
Then T s uniformly continuous on R™. Moreover

Tx —Ty| < M|x —y]|

for all x,y € R", where
2 _ 2
=3y
i=1 j=1
(where (T;;) is the m X n matriz which represents the linear transformation
T:R" - R™).

Proof Let v = Tx — Ty, where v. € R™ is represented by the m-tuple
(v1,v2,...,Up). Then

v; = T (21 —y1) + Tio(w2 — y2) + -+ + T (20, — Yn)

for all integers ¢ between 1 and m. It follows from Schwarz’ Inequality
(Lemma 1.1) that

v} < (Zﬂ?) (Z(%‘ —yj)2> = (Zﬂ?) x —y|*.

Hence

[v*| Zivf < (iiﬁ) [x —y|* = M*[x —y|”.

i=1 i=1 j=1
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Thus |[Tx — Ty| < M|x —y|. It follows from this that 7" is uniformly
continuous. Indeed if we are given ¢ > 0 let us define 6 > 0 by § = /M.
If x and y are elements of R™ which satisfy the condition |x —y| < § then
|Tx — Ty| < e. This shows that 7: R™ — R™ is uniformly continuous on R",
as required. |

7.2 Differentiability for Functions of One Real Vari-
able

Let f: I — R be a real-valued function defined on some open interval I in R.
Let a be an element of I. Recall that the function f is differentiable at a if

and only if
S h) -~ f(@)
h—0 h

exists, and the value of this limit (if it exists) is known as the derivative of
f at a (denoted by f'(a)).

We wish to define the notion of differentiability for functions of more than
one variable. However we cannot immediately generalize the above definition
as it stands (because this would require us to divide one element in R™ by
another, which we cannot do since the operation of division is not defined on
R™). We shall therefore reformulate the above definition of differentiability
for functions of one real variable, exhibiting a criterion which is equivalent
to the definition of differentiability given above and which can be easily
generalized to functions of more than one real variable. This criterion is
provided by the following lemma.

Lemma 7.2 Let f:1 — R be a real-valued function defined on some open
interval I in R. Let a be an element of I. The function f is differentiable at
a with derivative f'(a) (where f'(a) is some real number) if and only if

lim - (f(a+h) — f(a) — fa)h) = 0.

h=0 |h
Proof It follows directly from the definition of the limit of a function that

lim f(a’—i_h]i_f(a) :f/(a)

h—0

if and only if

h—0
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But

f(a+h2—f(a) _f/(a)‘ _ ’ﬁ(f(a%—h) = f(a) = f'(a)h)|.

It follows immediately from this that the function f is differentiable at a with
derivative f’(a) if and only if

lim = (f(a+h) = f(a) = f(@h) = 0. 1

Now let us observe that, for any real number ¢, the map h + ch defines a
linear transformation from R to R. Conversely, every linear transformation
from R to R is of the form h — ch for some ¢ € R. Because of this, we may
regard the derivative f’(a) of f at a as representing a linear transformation
h+— f'(a)h, characterized by the property that the map

2+ f(a) + F(a)(z — a)
provides a ‘good’ approximation to f around a in the sense that

. e(a,h)
TN

=0,

where
e(a,h) = fla+h) = fla) = f(a)h

(i.e., e(a,h) measures the difference between f(a + h) and the value f(a) +
f'(a)h of the approximation at a+h, and thus provides a measure of the error
of this approximation). We shall generalize the notion of differentiability to
functions f from R" to R™ by defining the derivative f’(a) of f at a to be a
linear transformation from R™ to R™ characterized by the property that the
map

x— f(a) + f'(a)(x — a)

provides a ‘good’ approximation to f around a.

7.3 Differentiation of Functions of Several Variables

Definition Let D be an open subset of R™ and let f: D — R be a map from
D into R™. Let a be a point of D. The function f is said to be differentiable
at a if and only if there exists a linear transformation f’(a): R* — R™ from
R™ to R™ with the property that

lim — (f(a+h) — f(a) — f(a)h) = 0.

h—0 |h|

If f is differentiable at a then the linear transformation f’(a) is referred to
as the derivative of f at a.
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The derivative f'(a) of f at a is sometimes referred to as the total deriva-
tive of f at a. If f is differentiable at every point of D then we say that f is
differentiable on D.

Observe that if f is differentiable at a with derivative f’(a) then

fla+h) = f(a) + f'(a)h + e(a, h),

where (a.h)
. e(a,
LRTN

Thus if f is differentiable at a then the map I: D — R defined by
l(x) = f(a) + f'(a)(x — a)

provides a good approximation to the function around a. The difference
between f(x) and [(x) is equal to e(x — a), and this quantity tends to 0
faster than |x — a| as x tends to a.

= 0.

Lemma 7.3 Let f: D — R™ be a function which maps an open subset D of
R"™ into R™ which is differentiable at some pointa of D. Then f is continuous
at a.

Proof If we define

e(a,h) = f(a+h) — f(a) — f'(a)h
then

h
lim c(a h)

h—0 |h] =0

(because f is differentiable at a), and hence

lim e(a, h) = (lim \h|> (lim (2, h)) —0.

h—0 h—0 h—0 |h]

But
lim e(a, h) = }llii]%f(a—l— h) — f(a),

h—0
since

lim f'(2)h = f'(a) (lim h) =0

lim f'(a)h = f'(a) (lim

(on account of the fact that every linear transformation from R™ to R™ is
continuous). We conclude therefore that

lin f(a+h) = f(a)

showing that f is continuous at a. |
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Lemma 7.4 Let f: D — R™ be a function which maps an open subset D of
R™ into R™ which is differentiable at some point a of D. Let f'(a):R™ — R™
be the derwative of f at a. Let u be an element of R™. Then

1
F(au = lim + (f(a+ Mu) - f(a)).
A—=0 \
Thus the derivative f'(a) of f at a is uniquely determined by the map f.

Proof It follows from the differentiability of f at a that

lim — (f(a+h) — f(a) — f(a)h) = 0.

h—0 |h|

In particular, if we set h = Au, where A > 0 then we deduce that

fim,  (F(a+ Aw) — f(a) ~ Af(a)u) = 0,

A—0t

showing that .
lim +(f(a+Au) - f(a) = fa)u,

A—0t

Similarly if we set h = \u, where A < 0, when we deduce that

tim - (F(a+ Aw) — f(a) = Af'(a)u) =0,

A—=0—
showing that .
lim 3 (f(a+ Au) — f(a)) = f(a)u.

A—0—
We conclude therefore that

li - (f(a-+ M) - f(a) = /'(@)u

A0
as required. |}
Let (ey,eq,...,e,) denote the standard basis of R™, where
er=(1,0,...,0), er=(0,1,...,0),..., e,=(0,0,...,1).

Let us denote by f* D — R the ith component of the map f: D — R™,
where D is an open subset of R"™. Thus

fx) = (i), f2(x), ... fin(x))
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for all x € D. The jth partial derivative of f; at a € D is then given by

T fila+ Aej) — fz‘(a).
A—0 A

We see therefore that if f is differentiable at a then

df1 0fa Ofm
8.73']"055]'7‘“781’]' ’

Fiae; =

Thus the linear transformation f’(a): R™ — R™ is represented by the m x n

matrix of, of of:
a_ajl a_ng PR 81’”
ofs  0fs o
Ofm  Ofm O fm
Un Zn O

This matrix is known as the Jacobian matriz of f at a.

Example Let f:R? — R? be the function defined by

()= (520)

Let (ay,as) be a point of R%. Now

f aq —I—hl _ a% —a%+2a1h1 —2a2h2+h% —h%
as + hg 2&1&2 -+ 2@2h1 + 2a1h2 + 2h1h2 '

Thus
fla+h) = f(a) + Th+e(a,h)

where )

_ [ ™ _ 1

=) ()
Th — 2&1h1 — 2a2h2 . 2&1 —2a2 hl
o 2a2h1 + 2a1h2 N 2CL2 2CL1 h2 ’

and

h? — h3
e(a,h) = ( 21h1h22) :
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Now |[h|? = h? + h3, and

le(a,h)]* = (A} — h3)* + (2hahz)?
= hi+ hy — 2h3h3 + 4h3h3
= h}+ hy+2hih3
= (hi+h3)*=h["
Thus
e(a, h)
b

]: b,

so that
= 0.

1 h
lim - (FGa ) = )~ 7h) = Jim <0

This proves that f is differentiable at a and that the derivative f’(a) of f at
a is given by the linear transformation 7: R?* — R? and is thus represented

by the 2 x 2 matrix
/ . 2(1,1 —2G2
f (a) N <2a2 2CL1 ) '

Note that
N Ol
! ox! i—a
8(21}1112)
2(12 = T .
O(xf — a3)
—2a2 = 61‘2 .
8(21’1132)
2a, = ——122
“ or? | _,

Thus the derivative f’(a) of f at a is indeed represented by the value at a of
the Jacobian matrix

O(af —a3)  Oaf — x5)

Ox! dz?
8(2I11’2) 8(2x1x2)
Ox! Ox?

Example Consider the function f:R? — R defined by
xy ) ‘
f<(x)): @+ ) if (z,y) # (0,0);
/ 0 if (2, ) = (0,0).
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Note that this function is not continuous at (0,0). (Indeed f(t,t) = 1/(4t?)
if ¢ # 0 so that f(t,t) — +oo as t — 0, yet f(x,0) = f(0,y) = 0 for all
x,y € R, thus showing that

lim x,
(2,y)—(0,0) f@.y)
cannot possibly exist.) Because f is not continuous at (0,0) we conclude
from Lemma 7.3 that f cannot be differentiable at (0,0). However it is easy
to show that the partial derivatives

of (x,y) of (x,y)
o and a9y

exist everywhere on R?, even at (0,0). Indeed

of (z,y) of (z,y)

o =0, L =0

9T |(4)=(00) W |@m=00

on account of the fact that f(x,0) = f(0,y) =0 for all z,y € R.

Remark This last example exhibits an important point. It shows that even
if all the partial derivatives of a function exist at some point, this does not
necessarily imply that the function is differentiable at that point. However the
next theorem shows that if the first order partial derivatives of the compo-
nents of a function exist and are continuous throughout some neighbourhood
of a given point then the function is differentiable at that point.

Theorem 7.5 Let D be an open subset of R™ and let Let f: D — R be a
function mapping D into R. Suppose that the first order partial derivatives of
the components of f exist and are continuous on D. Then f s differentiable
at each point of D.

Proof We denote by 0;f: D — R the partial derivative of f with respect to
the jth coordinate. Thus
_of

3= 81’]-
Let a be a point of D. If f is differentiable at a then the derivative of

f at a would be represented by the Jacobian matrix, and would thus be the
linear transformation sending (hq, ha, ..., h,) € R™ to

n

> (9;)(@)h;.

J=1
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Thus in order to show that f is differentiable at a we must prove that

h—0 |h|

lim, (f(a +h)— f(a) - Z(ajf)(a)hj> =0,

J=1

where h = (hl, hg, ce hn)

Let € > 0 be given. Using the fact that D is open, and using the continuity
of the functions 0 f, 0o f,...,0,f, we see that there exists some § > 0 such
that the open ball B(a,d) of radius § about a is contained in D, where

D={xeR":|x—a| <},

and such that, for all x € B(a, ),

3

0 /)x) = @)@ <~ (j=12....n)
Given h satisfying |x| < 4, let us define

Cj :f(a1+h1,...,a]-+hj,aj+1,...,an) (]ZO,l,,n)

Thus
co = f(a), ¢, = f(a+h).
Also
¢j —cjm1 = gjla; + hj) — g;(a;)  (G=1,2,....n),
where

gi(t) = flar +h, .o ya 0+ i1t a4, an).
Now there exist 01, 6,,...,60, € (0,1) with the property that

gj(a; + hy) — gj(a;) = hjgi(a; +0;h;)  (F=1,2,...,n),
by the Mean Value Theorem. Moreover
g}-(aj + ejhj> = ((9jf)(a1 + hl, ceey 51 + hjfl, Q4 + Hjhj, (7S P ,an),

and hence c
|95 (a; + 0;h;) — (0f)(a)| < -

(on account of the fact that the point

(a1 +ha, .oy a5 0+ hyog, a5+ 0k a0, a,)
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lies within the open ball B(a,d) of radius ¢ about a). We see therefore that
|5l

|C Cj— 1_(af)() | (j:172a"'7n)7
so that
fath) = fa= Y ON@h] = |a—a- Y@@
< Z lcj = ¢j—1 — (0;1)(a)hy|
< Zn: % < ¢l|h|.

Thus

n

fla+h) = fla) = (9;f)(a)

Jj=1

1
[h|

whenever |h| < §. This shows that

1 n
}lllir(l)m<f(a+h ; )z(),

thus proving that f is differentiable at a. |

We can generalize this result immediately to functions u: D — R™ which
map some open subset D of R™ into R™. Let u; denote the ith component of
u for i = 1,2,...,m. One sees easily from the definition of differentiability
that wu is differentiable at a point of D if and only if each u; is differentiable
at that point. We can therefore deduce immediately the following corollary.

Corollary 7.6 Let D be an open subset of R™ and let u: D — R™ be a
function mapping D into R™. Suppose that the Jacobian matriz

(9?,61 8U1 3u1
8U2 8u2 8u2
Ny Oty Ol

exists at every point of D and that the entries of the Jacobian matriz are
continuous functions on D. Then f s differentiable at every point of D, and
the derivative of f at each point is represented by the Jacobian matriz.
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Lemma 7.7 Let T:R" — R™ be a linear transformation from R™ into R™.
Then T is differentiable at each point a of R", and T'(a) =T.

Proof This follows immediately from the fact that T(a+h) =Ta+Th. |}

We now show that given two differentiable functions mapping D into
R, where D is an open set in R”, the sum, difference and product of these
functions are also differentiable.

Theorem 7.8 Let D be an open set in R", and let f: D — R and g: D — R
be functions mapping D into R. Let a be a point of D. Suppose that f
and g are differentiable at a. Then the functions f + g, f — g and f.g are
differentiable at a, and

(f+9)(@) = f'(a)+d'(a)
(f—9)(@) = f'(a)—4(a),
(f9)(a) = g(a)f

Proof We can write

fla+h) = f(a)+
gla+h) = g(a)+g'(a)h+es(a,h),

for all sufficiently small h, where

. el(a> h) _ 62(a7 h)
TN I L RN

= O’
on account of the fact that f and g are differentiable at a. Then

Jim o 1f(a-+ B+ g(a-+ b) = (/(a) + g(a)) — ('(a) + ' (a))
61(&, h) + 62(&, h)

:O,

lim ﬁ [f(a+h) —g(a+h) - (f(a) —g(a)) = (f'(a) = ¢'(a)) ]
_ fim c1(a,h) —es(ah)
= | 0

Thus f + g and f — g are differentiable at a. Also
fla+h)g(a+h) = f(a)g(a) +g(a)f(a)h + f(a)g'(a)h + e(a, h),
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where

e(a,h) = (f(a)+ f'(a)h)ex(a, h) + (g(a) + g'(a)h)er(a, h)
+(f'(a)h)(g'(a)h) + e1(a, h)es(a, h).

It follows from Lemma 7.1 that there exist constants M; and M5 such that

|f/(a)h| < M|h], |¢'(a)h| < Ms|h|.
Therefore
|(f'(a)h)(g'(a)h)] < My Ms|h]?,
so that )
Lim m(f’(a)h)(g’(a)h) = 0.
Also
lim (/@) + /(a)h)es(a b)) = Tim(f(a) + fa)h) lim 22 g
h=0 |h| 2\ b0 ns0  |h|
1 h
lim o ((o(a) + g @hes (@ b)) = Jim(g(a) + o' (a)h) im elﬁ ) _ o,
1 h
lim m(el<a, hjex(a h)) = lim ei(a,h) lim ez(|?| ) _o.

Therefore ( h)

. e(a,

TN

showing that the function f.g is differentiable at a and that
(f9)'(a) = g(a)f'(a) + f(a)g'(a). N

Let D be an open set in R", and let f: D — R™ be a function mapping
D into R™. Let E be an open set in R™ which contains f(D), and let
g: E — RP be a function mapping F into RP. The Chain Rule states that if
f is differentiable at some point a of D and if g is differentiable at f(a) then
the composition g o f is differentiable at a and

(go f)(a) =g'(f(a))o f(a)

Thus a composition of differentiable functions is differentiable. Moreover
the derivative of a composition of two functions is the composition of the
derivatives of those functions. The following lemma will be used in the proof
of the Chain Rule.
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Lemma 7.9 Let D be an open set in R™ and let a be a point of D. Let
©: D — R™ be a mapping from D to R™ and let \: D — R be a real-valued
function on D. Suppose that

lim p(x) =0

x—a

and that |\(x)| < K for all x € D, where K is a suitable constant. Then

lim A(x)p(x) = 0.

x—a

Proof Let ¢ > 0 be given. Then there exists some ¢ > 0 such that |p(x)| <
e/K whenever x € D satisfies [x—a| < 0, since ¢(x) — 0 as x — a. But then
|IA(x)p(x)| < e whenever x € D satisfies |x — a| < d. Thus A(x)¢(x) — 0 as
x—a |}

We now state and prove the Chain Rule.

Theorem 7.10 (Chain Rule) Let D be an open set in R™, and let f: D — R™
be a function mapping D into R™. Let E be an open set in R™ which contains
f(D), and let g: E — RP be a function mapping E into RP. Let a be a point
of D. Suppose that f s differentiable at a and that g is differentiable at
f(a). Then the composition go f (i.e., f followed by g) is differentiable at
a. Moreover

(9o f)(a) =d'(f(a))o f(a).
Proof We can write
fla+h) = f(a)+ f'(a)h +ei(a, h)
for all sufficiently small A, where

lim €1 (a7 h)

T

on account of the fact that f is differentiable at a. Define b = f(a). We can
write

9(b+k) = g(b) + ¢'(b)k + es(b, k)

for all sufficiently small i, where

. 62(b7k)
) K|

=0,
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on account of the fact that g is differentiable at b. Thus

g(f(a+h)) = g(b+ f(a)h+ei(a h))
= g(b) +¢'(b)(f'(a)h + ei(a, h)) + e2(b, (f'(a)h + €1(a, h)))
= g(f(a)) +¢'(f(a)) [ (a)h + e(a, h),

where

e(a,h) = g'(b)ei(a, h) + e2(b, (f(a)h + e1(a, h))).

Thus in order to show that go f is differentiable at a with derivative ¢'(f(a))o
f'(a) we must show that
. e(a,h)
lim

h-0 |h =0

Using the fact that ¢’(b) is a linear transformation from R™ to RP, and is
thus continuous (by Lemma 7.1) we see that

lim ‘(b)ei(a,h) = lim ¢'(b) (M)

h—0 |h|g h—0 |h|
_ / . el(a7h)
= oo ()
= ¢(b)0=0.

Thus it only remains to show that

lim |—111|62(b, F(a)h + e1(a, b)) = 0.

h—0

Let ¢(k) be defined by

13

€2<b,k) . )
w(k):{ ifk#0and b+ ke E;
0 if k=0.

Then ¢ is continuous at 0, since

. 62(b,k) o
iR 0
Now
|—}11’€2(b,f'(a)h+el(a, h)) _ gp(f’(a)h—i—el(a, h))|f,(a)h |—|}‘1i91(a, h)|
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Now it follows from Lemma 7.1 that there exists a constant M such that
|f/(a)h| < M|h| for all h. also e;(a,h) — 0 as h — 0. Thus there exists a
sufficiently small neighbourhood of 0 in R™ such that

|f'(a)h +ey(a,h)| < (M + 1)|h.
for all h € N. Now

lim o(f'(a)h+ei(ah)) = ¢ <lim(f’(a)h + eia, h)))

h—0 h—0
= ¢(0)=0
and (0 b
f@hsa@n)]
b
for all sufficiently small h. Therefore
1 /
}lg% meg(b, f(a)h+ei(a,h)) =0,
by Lemma 7.9. It follows therefore that
. e(a,h)
TN I

so that g o f is differentiable at a with derivative ¢'(f(a)) o f'(a), as re-
quired. |

We can use Theorem 7.8 and Theorem 7.10 to produce many examples
of differentiable functions.

Example Consider the function f:R? — R defined by

1
2,3 & :
Fla,y) = {x Y sin if x £ 0;
0 if x =0.
Now one can verify from the definition of differentiability that the function
h:R — R defined by

1
2 . .
h(t) = {t sin — ift#0
0 ift=20
is differentiable everywhere on R, though its derivative A’: R — R is not con-
tinuous at 0. Also the functions (z,y) — 2 and (z,y) — y are differentiable

everywhere on R (by Lemma 7.7). Now f(z,y) = y*h(x). Using Theorem 7.8
and Theorem 7.10, we conclude that f is differentiable everywhere on R2.
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We now summarize the main conclusions of this section. They are as
follows.

(i)

(iii)

(vi)

(vii)

A function f: D — R™ defined on an open subset D of R" is said to
be differentiable at a point a of D if and only if there exists a linear
transformation f’(a): R™ — R™ with the property that

The linear transformation f’(a) (if it exists) is unique and is known as
the derivative (or total derivative) of f at a.

If the function f: D — R™ is differentiable at a point a of D then the
derivative f’(a) of f at a is represented by the Jacobian matrix of the
function f at a whose entries are the first order partial derivatives of
the components of f.

There exist functions f: D — R™ whose first order partial derivatives
are well-defined at a particular point of D but which are not differen-
tiable at that point. Indeed there exist such functions whose first order
partial derivatives are well-defined which are not continuous. Thus in
order to show that a function is differentiable at a particular point, it
15 not sufficient to show that the first order partial derivatives of the
function exist at that point.

However if the first order partial derivatives of the components of a
function f: D — R™ exist and are continuous throughout some neigh-
bourhood of a given point then the function is differentiable at that
point. (However the converse does not hold: there exist functions
which are differentiable whose first order partial derivatives are not
continuous.)

Linear transformations are everywhere differentiable.

A function f: D — R™ is differentiable if and only if its components
are differentiable functions on D (where D is an open set in R™).

Given two differentiable functions from D to R, where D is an open
set in R", the sum, difference and product of these functions are also
differentiable.

(viii) (The Chain Rule). The composition of two differentiable functions is

differentiable, and the derivative of the composition of the functions at
any point is the composition of the derivatives of the functions.
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8 Second Order Partial Derivatives

Let D be an open subset of R” and let f: D — R be a real-valued function on
D. We consider the second order partial derivatives of the function f defined

by
#f _ o (of
8%8% o 8% 8$j .
We shall show that if the partial derivatives

af  of *f o*f
=L : and
8a:i @l’j 637181‘] 8:1:]8901

all exist and are continuous then

0% f O f

axi(‘?xj N (’91']6% )

First though we give a counterexample which demonstrates that there exist
functions f for which
0 f 0 f
al’iaﬂfj 833]3:171 ’

Example Let f:R? — R be the function defined by

ay(@® = ") (z,y) # (0,0);

flay) =9 22+
0 if (z,y) = (0,0).
For convenience of notation, let us write
_ 9f(zy)
f:l? (.T, y) = 3xy ’
__ Of(z,
fy(x,y) = f((‘)yy)7
_ 9% f(=,
fxy (177 y) = afm(ayy) )
_ 9% f(=,
fyr(xay) - afy(axy)

If (z,y) # (0,0) then
yr® —y* +22%y  20%y(a® —y?)

fﬂc:

x? +y2 (1;2 +y2>2
32y +y?) — P (2 + y?) — 20ty + 2a%y°
o (a:2 +y2)2

xhy + 4xy® — b
(22 + 12)? :
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Similarly

yla + 4y2ad — 2

(y2 + I‘Q)Z

fy =
Thus if (z,y) # (0,0) then

28 + 9zty? — 92yt — o8

f:):y = fyx =

(x2+y2)3
Note that
lim +(x,y) =0, lim x,y) = 0.
(z,yH(o,O)f (z) ()~ (0,0) fu(@9)

Indeed if (z,y) # (0,0) then

65
ful < 2 =6,
T

where r = /22 + 32, and similarly |f,| < 6r. However

lim  fo,(z,y)

(z,y)—(0,0)
does not exist. Indeed
: . g
lim £, (2,0) = lim f,(2,0) = lim =5 =1,
.6

Next we show that f,, f,, fi, and f,. all exist at (0,0), and thus exist
everywhere on R?. Now f(x,0) = 0 for all z, hence f,(0,0) = 0. Also
f(0,y) =0 for all y, hence f,(0,0) = 0. Thus

fy(xao) =T, fx(oay):_y
for all z,y € R. We conclude that

(0,0) = Wu@:0)

=1,
fy2(0,0) = ————== -1,

Thus




at (0,0).

Observe that in this example the functions f,, and f,, are continuous
throughout R? \ {(0,0} and are equal to one another there. Although the
functions f,, and f,, are well-defined at (0,0), they are not continuous at

(0,0) and f,,(0,0) # f,2(0,0).

We now prove that the continuity of the first and second order partial
derivatives of a function f of two variables x and y is sufficient to ensure that
0 f
0xdy’

Theorem 8.1 Let D be an open set in R? and let f: D — R be a real-valued
function on D. Suppose that the partial derivatives

af of  °f 0% f
-, =, , and
or’ 0Oy  0x0y 0yox

exist and are continuous on D. Then

o*f  0*f
oxdy  Oydx’

Proof For convenience, we shall denote the values of

DT R
ox’ 0Oy’ 0xdy’ OyOx

at a point (x,y) of D by f.(z,y), fy(z,v), foy(z,y) and f,.(x,y) respectively.
Let (a,b) be a point of D. Then there exists some R > 0 with the property

that the open ball of radius R about (a,b) is contained in D, because D is
open. Let h and k be real numbers satisfying h% + k? < R2
Let us define a differentiable function u by

u(t) = f(t,b+ k) — f(t,b)

We apply the Mean Value Theorem to the function u on the closed interval
[a,a + h] to conclude that there exists ;, where 0 < ¢y < 1, such that

u(a + h) —u(a) = hu'(a + 6,h).
But
u(a+h) —u(a) = fla+h,b+k)— f(a+ h,b) — f(a,b+ k) + f(a,b)
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and
u'(a+61h) = fo(a+61h,b+ k) — fo(a+ 61h,D).

Moreover, on applying the Mean Value Theorem to the function y — f.(a +
01h,y) on the interval [b, b+ k], we see that there exists 0y, where 0 < 0y < 1,
such that

fola+01h,b+ k) — fo(a+ 601k, b) = kfy.(a+ 601k, b+ O2k)
Thus

fla+h,b+k)— f(a+h,b) — f(a,b+ k) + f(a,b)
o*f

= hkf(a+61h,b+ O2k) = hk )
! dyox (z,y)=(a+01h,b+02k)

Now let ¢ > 0 be given. Then there exists some §; > 0 (where 6; < R)
such that

|fyac(x»y) - fyw(a;b>| < %5
whenever (z —a)?+ (y —b)? < 67, by the continuity of the function f,,. Thus
if h? + k? < 67 then

|f(a—|—h,b—|—k) — fla+h,b) — f(a,b+ k) + f(a,b)
hk

— fyala,b)| < 3e.

We can repeat the above argument with the roles of the variables x and
y interchanged. Thus on applying the Mean Value Theorem to the function
v defined by

v(t) = fla+ h,t) — f(a,t)

we see that, given sufficiently small h and &, there exists s, where 0 < oy < 1
such that
v(b+ k) —v(b) = kv'(b+ pok),

so that

fla+h,b+k)— f(a+ h,b)— f(a,b+k)+ f(a,b)
= k(fy(a+h,b+ p2k) — fy(a,b+ pak)).

Applying the Mean Value Theorem to the function  — f,(x, b+ ¢2k) on the
interval [a,a + h] we conclude that there exists some 1, where 0 < ¢ < 1
such that

fla+h,b+k)— fla+h,b)— f(a,b+k)+ f(a,b) = hk foy(a+ ©1h, b+ paok).

82



Using the continuity of f,,, we conclude that there exists some d, > 0 such
that

|f(a+h,b+k:)—f(a+h,b)—f(a,b+kz)+f(a,b)
hk

— fay(a,b)| < 3e.

whenever h? + k? < §3.
Take ¢ to be the minimum of §; and d,. If h? + k% < 63 then

fla+h,b+k)— f(a+h,b) — f(a,b+ k) + f(a,b)

| ¥ _fy:v(a7b)| < %8’
Lathbih)-flethd) - flbt D flad) ;g < o1

Using the triangle inequality we conclude that

| fya(a,b) — fey(a,b)| <e.

But this inequality has to hold for all € > 0. Therefore we must have

fyx(aa b) = fwy(aa b)'
We conclude therefore that

*f  0*f
0xdy  Oydx

at each point (a,b) of D, as required. |}

Remark It is actually possible to prove a somewhat stronger theorem which
states that, if f: D — R is a real-valued function defined on a open subset
D of R? and if the partial derivatives

or = of and il
ox’ Oy’ Oxdy

exist and are continuous at some point (a,b) of D then

0*f
Oyox
exists at (a,b) and
0% f O*f
Yoz |,y OTOY| 4y
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Corollary 8.2 Let D be an open set in R"™ and let f: D — R be a real-valued
function on D. Suppose that the partial derivatives

of and ’f

exist and are continuous on D for all integers i and j between 1 and n. Then

02 f 02 f

8;171-83:]- N 83:]6.%1

for all integers i and j between 1 and n.

8.1 Taylor’s Theorem for Functions of Several Vari-
ables

Let f: D — R be a smooth real-valued function defined on an open subset
D of R"™. The function f is said to be C* if and only the partial derivatives

o f
axil&ciz s 81:“

of order r exist and are continuous for all » < k. The function f is said to
be smooth if and only if it is C* for all positive integers k.

Let f:D — R be a C**! function defined on an open subset D of R".
Let a be a point of D. There exists some R > 0 such that the open ball of
radius R about a is contained in D on account of the fact that D is open.
Let h be an element of R" satisfying |h| < R. Then the line segment joining
the points a and a + h is contained in D.

Consider the function g:[0,1] — R defined by g(t) = f(a + th). On
applying Taylor’s Theorem to g, we see that, given any ¢ € [0, 1] and given
any non-negative integer k, there exists some 6 satisfying 0 < 6 < 1 such

that
k tk+l

o) =3 50+ g,

J=0

In particular, if we set t = 1 we see that

ka0 (k+1) ()
f(a—i—h):Zg ( )+g(k—|—£)')

Jj=0 7!
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for some 6 satisfying 0 < 0 < 1. Now

g(t) f(a+th),
d
g'(t) - fa+th)
= Z h; of :
or; x=a+th
"
g'(t) = hih; :
121; ’ 8x ax] x=a+th
gt = iiihlmhk Z, (?kf : ,
i1=lig=1  ip=1 Oz datz - - - ' x=a+th
where h = (hy, ho, ..., hy,). Thus
f(a+h)
n 8f 1 n n 82f
= f()—i—tha—IZ _—0—52‘ hlhjaxiax )
i=1 X=a i=1 j=1 J Ix=a
— o hi hi, ... h; —— A
+ T k! “ZIQZI %21 1772 kOxiidgiz ... Ok i—a
1 "< YU §
+ hihiy ... hy — -
(k’ —+ 1)' ; Zzzl Z(k§ . CD) it Otz .« . . Oplte+1) x—atoh

for some 6 satisfying 0 < # < 1. This is the form of Taylor’'s Theorem
applicable to functions defined over open subsets of R".
In particular, if f: D — R is a C? function then

+Zh + Zz”aaxj

=1 j5=1
for some 6 satisfying 0 < 6 < 1.

f(a+h)=

x—a-+6h

8.2 Maxima and Minima

Let f: D — R be a C? real-valued function defined over some open subset
D of R". Suppose that f has a local minimum at some point a of D, where
a=(ay,as,...,a,). Now for each integer i between 1 and n the map

t= flar,...,ai—1,t,Gig1, ..., 0p)
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has a local minimum at ¢ = a;, hence the derivative of this map vanishes
there. Thus if f has a local minimum at a then

of
(9@-

Let R > 0 be chosen such that the open ball of radius R about a is contained
in D. It follows from Taylor’s theorem that if ]h] < R then

f(a+h)= ZZth axm]

zl]—

=0.

X=a

x=a+6h

for some @ satisfying 0 < # < 1. Let us denote by (H;;(a)) the Hessian
matriz at the point a, defined by

0 f
8%«8@
If f is C? then the second order partial derivatives of f are continuous, hence

H;;(a) = Hji(a) for all ¢ and j, by Corollary 8.2. Thus the Hessian matrix
is symmetric.

Hij(a) =

X=a

We now recall some facts concerning symmetric matrices.
Let (c¢;;) be a symmetric n x n matrix.

n n
The matrix (¢;;) is said to be positive semi-definite if Z Z cijhih; >0
i=1 j=1

for all (hy, ho, ..., hy,) € R™
The matrix (¢;;) is said to be positive definite if Z Z cijhihy > 0 for all

i=1 j=1
non-zero (hy, ha, ..., hy,) € R™

n n
The matrix (c;;) is said to be negative semi-definite if Z Z cijhih; <0
i=1 j=1

for all (hl, ]’LQ, R ,hn) e R™.
The matrix (¢;;) is said to be negative definite if Z Zcijhihj < 0 for

i=1 j=1
all non-zero (hq, ha, ..., h,) € R"™

The matrix (¢;;) is said to be indefinite if it is neither positive semi-definite
nor negative semi-definite.

Lemma 8.3 Let (c;;) be a positive definite symmetric n X n matriz. Then
there exists some € > 0 with the following property: if all of the components
of a symmetric n x n matriz (b;;) satisfy the inequality |b;; — c;;| < € then
the matriz (b;;) is positive definite.
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Proof Let S"! be the unit n — 1-sphere in R" defined by
St ={(hy,hg, ..., hy) ER™ : h2 + h3+---+ R =1},

Observe that a symmetric n x n matrix (b;;) is positive definite if and only if

i=1 j=1

for all (hy, ha,...,h,) € S"!. Now the matrix (c;;) is positive definite, by

assumption. Therefore

i=1 j=1
for all (hy,ha,..., h,) € S™1. But S"7!is a closed bounded set in R, it
therefore follows from Theorem 3.2 that there exists some (ki, ks, ..., k,) €

Sn~! with the property that
DD cighihy =) > cihik;
=1 j=1 i=1 j=1

for all (hy, ha, ..., h,) € S™ 1. Thus there exists a strictly positive constant
A > 0 with the property that

i i Cijhihj 2 A
i=1 j=1

for all (hy, ha, ..., h,) € S" 1. Set e = A/n?. If (b;) is a symmetric n X n
matrix all of whose components satisfy |b;; — ¢;;| < € then

Z Z(b” — Cij)hihj < 87’L2 = A,
i=1 j=1
for all (hy, ho, ..., hy,) € S*1, hence
Z Z bz]hlh] > Z Zcijhihj —A>0
i=1 j=1 i=1 j=1
for all (hq, ha, ..., h,) € S"'. Thus the matrix (b;;) is positive-definite, as

required. ||
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Using the fact that a symmetric n x n matrix (¢;;) is negative definite
if and only if the matrix (—c¢;;) is positive-definite, we see that if (¢;;) is
a negative-definite matrix then there exists some ¢ > 0 with the following
property: if all of the components of a symmetric n x n matrix (b;;) satisfy
the inequality |b;; — ¢;;| < € then the matrix (b;;) is negative definite.

Let f: D — R be a C? function defined on an open subset D of R". Let
a be a point of D. We have already observed that if the function f has a
local maximum or a local minimum at a then

o x:a:O (i=1,2,...,n).

We now apply Taylor’s theorem to study the behaviour of the function f
around a point a at which the first order partial derivatives vanish. We
consider the Hessian matrix (H;;(a) defined by

9% f

(%iaxj x=a

H;;(a)

Lemma 8.4 Let f: D — R be a C? function defined on an open subset D of
R™. Let a be a point of D at which

of

axi x=a

=0 (i=1,2,...,n).

If f has a local minimum at a point a of D then the Hessian matriz (H;;(a))
at a 1s positive semi-definite.

Proof The first order partial derivatives of f vanish at a. It therefore follows
from Taylor’s Theorem that, for any h € R™ which is sufficiently close to 0,
there exists some 6 satisfying 0 < 6 < 1 (where 6 depends on h) such that

i=1 j=1
where

0% f
8%2'(9:17]'

Suppose that the Hessian matrix H;;(a) is not positive semi-definite. Then
there exists some k € R", where |k| = 1 with the property that

i=1 j=1

Hij(a + Hh) =

x=a+6h

88



It follows from the continuity of the second order partial derivatives of f that
there exists some 6 > 0 such that

i i l{izijZ](X) <0

i=1 j=1

for all x € D satisfying [x — a|] < . Choose any A such that 0 < A\ < ¢ and

set h = Ak. Then .

Z Z hih;H;j(a+6h) <0

i=1 j=1
for all 6 € (0,1). We conclude from Taylor’s theorem that f(a+ \k) < f(a)
for all A satisfying 0 < A < . We have thus shown that if the Hessian matrix
at a is not positive semi-definite then a is not a local minimum. Thus the
Hessian matrix of f is positive semi-definite at every local minimum of f, as
required. |

Let f:D — R be as C? function defined on an open set D in R" and
let a be a point at which the first order partial derivatives of f vanish. The
above lemma shows that if the function f has a local minimum at h then the
Hessian matrix of f is positive semi-definite at a. However the fact that the
Hessian matrix of f is positive semi-definite at a is noit sufficient to ensure
that f is has a local minimum at a, as the following example shows.

Example Consider the function f:R? — R defined by f(z,y) = 2% — 3>,
Then the first order partial derivatives of f vanish at (0,0). The Hessian
matrix of f at (0,0) is the matrix

(5 0),

and this matrix is positive semi-definite. However (0,0) is not a local mini-
mum of f since f(0,y) < f(0,0) for all y > 0.

The following theorem shows that if the Hessian of the function f is
positive definite at a point at which the first order partial derivatives of f
vanish then f has a local minimum at that point.

Theorem 8.5 Let f: D — R be a C? function defined on an open subset D
of R™. Let a be a point of D at which

o xza:o (i=1,2,...,n).

Suppose that the Hessian matriz H;;(a) at a is positive definite. Then f has
a local minimum at a.
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Proof The first order partial derivatives of f vanish at a. It therefore follows
from Taylor’s Theorem that, for any h € R™ which is sufficiently close to 0,
there exists some 6 satisfying 0 < § < 1 (where 6 depends on h) such that

1 n n
f(a+h)=f(a)+ 5 ; ; hihjH;j(a + 6h),
where
0% f
(%anj

Suppose that the Hessian matrix (H;;(a)) is positive definite. It follows from
Lemma 8.3 that there exists some ¢ > 0 such that if |H,;(x) — H;j(a)| < e
for all ¢ and j then (H;;(x)) is positive definite. But it follows from the
continuity of the second order partial derivatives of f that there exists some
d > 0 such that |H;;(x) — H;;(a)| < € whenever |x —a| < ¢. Thus if |h| < §
then (H,j(a+6h)) is positive definite for all § € (0, 1) so that f(a+h) > f(a).
Thus a is a local minimum of f. |

x=a+6h

A symmetric n x n matrix C' is positive definite if and only if all its
eigenvalues are strictly positive. In particular if n = 2 and if A\; and A, are
the eigenvalues a symmetric 2 x 2 matrix C, then

A+ Ay = trace C, AAg = det C.

Thus a symmetric 2 x 2 matrix C' is positive definite if and only if its trace
and determinant are both positive.

Example Consider the function f:R? — R defined by
flx,y) = 42 + 3y — 20y — 2 — 2Py — y°.

Now

of (z,y)

ox

= (0,0), _afg;, v) — (0,0).

(z,y)=(0,0)

(m,y):(0,0)

The Hessian matrix of f at (0,0) is

(5 %)

The trace and determinant of this matrix are 14 and 44 respectively. Hence
this matrix is positive definite. We conclude from Theorem 8.5 that the
function f has a local minimum at (0,0).
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9 Differential Forms on Euclidean Space

9.1 Permutations

We recall some basic facts concerning permutations. Let A be a finite set. A
permutation 7w of A is a bijection m: A — A which maps A onto itself. The
collection of all permutations of the set A forms a group under the operation
of composition. We denote this group by S4.

A permutation m: A — A of a finite set A is said to be a transposition if
there exist elements a; and a; of A such that

a; if a = a;
m(a) = ¢ a; if a = ay;
a ifaeA\{a,aq;}.

Every permutation of a finite set A can be expressed as a composition of
transpositions (i.e., the group Sy is generated by the set of all transpositions).

Let m be a permutation of the finite set A. Suppose that = can be ex-
pressed as the product of r transpositions and also as a product of s transpo-
sitions, where r and s are non-negative integers. A basic result in the theory
of permutations then states that r — s is an even integer, so that either r and
s are both even or else r and s are both odd. We say that the permutation 7
of A is even if m can be expressed as the composition of an even number of
transpositions. Similarly a permutation 7 of A is said to be odd if © can
be expressed as the composition of an odd number of transpositions. Every
permutation of a finite set A is either even or odd, and no permutation can
be both even and odd.

Given a permutation m of a finite set A, let us define the parity e, of 7w
by

. — {—1—1 if 7 is even;

T —1 if 7 is odd.
Observe that if 7 can be expressed as the composition of p transpositions
then e, = (—1)7.

If 7 and o are permutations of A then €., = €:€6,. Thus if we regard
{1,—1} as a group under the operation of multiplication then the function
sending ™ € Sy to e, € {1,—1} is a homomorphism from the group S, of
permutations of A to the group {1, —1}.

Let A and B be finite sets with AN B = (). Let o be a permutation
of A and let 7 be a permutation of B. Then these permutations induce a
permutation 7 of AU B, where

o(x) ifzeA;
m(w) = {T(I) if x € B.



It follows directly from the definition of even and odd permutations that
€x = €,6,, for if o can be expressed as a product of s transpositions of the
set A and 7 can be expressed as a product of ¢ transpositions of the set B
then clearly m can be expressed as a product of s + t transpositions of the
set AU B, so that

& = (=1 = (=1)*(=1)" = e ¢,

9.2 Differential Forms on n-dimensional Euclidean Space

Definition Let D be an open subset of R™. Let (xy,o,...,z,) denote the
standard coordinate system on R”. Let p be a positive integer. We define a
differential form of degree p to be a sum of expressions of the form

f(x)dx;, Ndxi, A -+ Ndx;,,

where 1,19, ...,%, are integers between 1 and n, where f: D — R is a real-
valued function on D and where these expressions are subject to the following
rules:

Rule I:
f(x)dx;, Ndxgy, N+ ANdz;, =0
unless 7y, 49, ..., 1, are all distinct integers between 1 and n.
Rule II: if j,, = 7(i,,) for m = 1,2,...,p, where 7 is a permutation of the

set {i1,92,...,1,} then
f(x)dx;, Ndxj, N - Ndwj, = e f(x) da;, Adwi, A -+ Ndw;,,

where €, is the parity of the permutation 7, defined by

€

+1 if 7 is an even permutation;
—1 if 7 is an odd permutation.

Two differential forms of degree p are regarded as being equivalent if and only
if the expressions representing these differential forms can be transformed
into each other by repeated applications of Rule I and Rule II.

By convention, we define a differential form of degree 0 on D to be a
real-valued function from D to R.
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The sum w + n two differential forms w and 7 of degree p is well-defined
and is a differential form of degree p. Also if w is a p-form on D and f is a
real-valued function on D then we can multiply the p-form w by the function
f to get a p-form fw on D.

If w is a differential form of degree p for some non-negative integer p then
we say that w is a p-form.

Example (Differential forms on R). Let I be an open interval in R. A
0-form on [ is a real-valued function on I, and a 1-form on [ is an expression
of the form f(x)dx, where f is a real-valued function on I. There are no
non-zero p-forms on I for p > 1 on account of Rule I (since Rule I implies
that de A dx =0, de A dz A dx = 0 etc.).

Example (Differential forms on R?). Let D be an open set in R?. Let (z,y)
denote the standard coordinate system on R?. A 0-form on D is a real-valued
function on D. A 1-form on D is an expression of the form

f(z,y)dz + g(x,y) dy,

where f and ¢ are real-valued functions on D. A 2-form on D can be ex-
pressed in the form h(z,y)dz A dy, where h is a real-valued function on D.
Rule II tells us that

h(z,y)dy A\ de = —h(x,y)dx A dy.

There are no non-zero p-forms on D for p > 2 on account of Rule I (since
Rule T implies that dz A dx A dz =0, dz A dx A dy = 0 etc.).

Example (Differential forms on R3). Let D be an open set in R®. Let
(z,y,2) denote the standard coordinate system on R®. A O-form on D is a
real-valued function on D. A 1-form on D is an expression of the form

f(@,y,2)d + g(z,y, 2) dy + h(z,y, z) dz,

where f, g and h are real-valued functions on D. A 2-form on D can be
expressed in the form

flz,y,2)dy Ndz + g(z,y,z) de Ndz + h(z,y, z) dz A dy,
where f, g and h are real-valued functions on D. Note that

de Ndy = —dy Ndx. dyNdz= —dzNdy. dzANdr=—dxNdz.
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A 3-form on D can be expressed in the form h(z,y, z) dz A dy A dz, where h
is a real-valued function on D. Rule II tells us that

de NdyNdz = dyNdzANdx=dzNdx ANdy
= —dzNdyNdr=—drNdzNdy=—dy Ndx Ndz.
There are no non-zero p-forms on D for p > 3 on account of Rule I.

Example (Differential forms on R*). Let D be an open set in R*. Let
(x,9,2,t) denote the standard coordinate system on R*. A 0-form on D is a
real-valued function on D. A 1-form on D is an expression of the form

fdx+gdy+ hdz+ kdt,

where f, g h and k are real-valued functions on D. A 2-form on D can be
expressed in the form

fdyNdz+gde Ndz+hdx ANdy + kdx Ndt +1ldy N dt +mdz A dt,
where f, g, h, k, [ and m are real-valued functions on D. Note that
dr Ndy = —dy Ndx. dyNdz= —dzNdy. dzANdr=—dzAdz.
dt Ndx = —dx Ndt. dtNdy=—dyANdt. dt Ndz= —dz N dt.
A 3-form on D can be expressed in the form
fdyndzNdt+gde Ndz Ndt + hdx Ndy Ndt + kdx N\ dy N dz,

where f, g h and k are real-valued functions on D. A 4-form on D can be
expressed in the form hdx A dy A dz A dt, where h is a real-valued function
on D. There are no non-zero p-forms on D for p > 4 on account of Rule I.

The following two results follow immediately on applying Rules I and II
given above.

Lemma 9.1 Let D be an open subset of R™. Then there are no non-zero
p-forms on D for p > n. Every n-form on D 1is of the form

flxy,zo, .. xp)dey ANdzg A -+ N dxy,
where (x1,xa,...,T,) is the standard coordinate system on R".

Lemma 9.2 Let D be an open subset of R™ and let p be an integer between
1 and n. Let (xq1,x9,...,z,) denote the standard coordinate system on R™.
Then every p-form on D can be expressed uniquely in the form

E filig...ip dl‘il AN d.fL'iQ A A dl’ip,
1< <ig < <ip<n

where fi .., is a real-valued function on D for each p-tuple (i1, 1s, ..., i) of
integers between 1 and n which satisfy 1 < i3 < i < --- <1, < n.
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9.3 The Wedge Product

We shall define the wedge product (or exterior product) of two differential
forms on R". Let (z1,%2,...,) denote the standard coordinate system on
R". Let w be a p-form and let n be a g-form on some open set D in R",
where p > 0 and ¢ > 0. Then w and 7 can be expressed as finite sums of the
form

W= Z Jirigoni, ATy Ndxgy N\ -+ Ndw;,
(41,32,..y1p)EL
n = Z Gj1ja...5 diEjl A d:l?iQ VANEIIRIVAN dqu,

(j17j27"'7jq)€‘]

where each f 4, 4, and gj j,.;, is a real valued function on D. (Here the p-
tuple (iy,12,...,7,) and the g-tuple (ji, Jja, ..., Jj,) of integers between 1 and
n range over suitable indexing sets I and J respectively.) The wedge product
w A n of w and n is defined by

(,U/\’f] = Z Z filiQ---ipgjlh---jq d[L‘Z‘l/\'"/\dl‘ip/\dle/\"'/\dl’jq.

(11,82,--3p) €L (J1,525--,Jq) €S

This defines the wedge product w A n of a p-form w and a ¢-form n in the
case when p > 0 and ¢ > 0. If f and g are real-valued functions on D then
we define f A g to be the product f.g of f and g. This defines the wedge
product of two 0-forms on D. (Recall that the O-forms on D are by definition
the real-valued functions on D.) Similarly if f is a real-valued function on
D and if w is a p-form for some p > 0 then we define

fAw=wAf=fw.

However, in order to check that the wedge product of two differential forms is
indeed well-defined, we must verify that the definition of the wedge product
that we have given is consistent with Rule I and Rule II in the definition of
differential forms.

Let 71,49, ...,1, and ji, jo, ..., J; be integers between 1 and n. It follows
from Rule I in the definition of differential forms given above that

lelﬁ'il/\"'/\dfﬂip/\dl’jl/\"'/\dﬂjjq:0

unless 41,42, . .., 4 and ji, Jo, . . ., jg are all distinct. Thus the definition of the
wedge product of differential forms is consistent with Rule I. Now suppose
that the integers i1,142,...,%, and ji, jo,...,j, are all distinct. Let o be a
permutation of the set

{i1,49,...,ip}
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and let 7 be a permutation of the set

{j17j27~'7jq}'
Define ki, ko, ..., ky and Iy, 1y, ..., [, by

k. = o(i), (r=1,2,...,p),

L. =71(jr), (r=1,2,...,q),

Then
drg, N\« Ndxy, = €, dxg, N+ Ndx;,

dxy, A -+ Ndzxy, = e-dry N+ Ndxy,,

where €, and €, are the parities of the permutations o and 7. Consider the
permutation m of the set

{ilaiQa--wipajl;-"ajq}

defined by
~ fo(m) itme {iris,... i}
7T<m) - {T(m) lme {jl)j?ﬂ"'%jq}'

The parity €, of this permutation is given by €, = €,¢,. Therefore
drg, A+ Ndrg, Ndxy N -+ Ndoy, = €56 dwgy N+ Ndxg, Ndxg, N+ ANdwy,.

This shows that the definition of the wedge product is consistent with Rule
IT. Thus the wedge product of two differential forms is indeed well-defined.

Example Let w and 1 be 1-forms on an open subset D of R?. Let (z,y)
denote the standard coordinate system on R?. We can write

w = fi(z,y)dr + fo(z,y) dy, n = g1(x,y) dx + go(, y) dy,

where f1, f2, g1 and g, are real-valued functions on D. Then

wAn = (filz,y)dr+ fa(z,y) dy) A (g1(2,y) dz + g2(2,y) dy)
i@, y)gi(z,y) de A dx + fi(x,y)ge(w, y) de A dy
+fo(z, y)g1(x,y) dy A dx + fa(z,y)g2(, y) dy A dy.

We simplify these expressions using Rule I and Rule II in the definition of
differential forms. Note that

dx Ndx =0, dy N\ dy = 0,

96



by Rule I, and
dy N\ dx = —dx N dy

by Rule II. Therefore
wAn = (filz,y)g(z,y) — folz,y)9:(2,y)) dz N dy.

Note that w A w = 0.

Example Let w be a 1-form and let o be a 2-form on an open subset D of
R3. Let (x,vy, 2) denote the standard coordinate system on R%. We can write

W = fl(x,y,z)dx—i—fQ(x,y,z)dy—{—fg(x,y,z)dz
o = qi(x,y,2)dy Ndz + go(x,y, 2) dz Ndx + gs(x,y, z) do A dy,

where f1, fa, f3, 91, g2 and g3 are real-valued functions on D. Then

wAo = fiigpde NdyNdz+ fi.godx ANdz Ndx + fi.g3dx ANdx Ady
+ fo.qidy Ndy Ndz + fo.gody Ndz ANdx + fa.g3dy A dx A dy
+ fs.grdz Ndy Ndz + fz.godz Ndz Ndx + f3.g3dz A\ dx A dy.

We simplify this expression using Rule I and Rule II in the definition of
differential forms. Now

de NdyNdz =dy Ndz \Ndx =dz ANdx A\ dy,

by Rule II. Thus

wAo = (fr.g1+ fo92 + f5.93) dx Ndy N dz.

Similarly one can show that o A w = 0.

Lemma 9.3 Let D be an open set in R™. Then

(1) (w1 +w2) An=wi An+wy An for all p-forms wy and wy and q-forms
nonD,

(il)) wA (m+12) =wAn +wAng for all p-forms w and q-forms n; and 1y
on D,

(iii) (fw)An=f(wAn)=wA(fn) for all differential forms w and n and
real-valued functions f on D,

(iv) (wAn) Ao =wA (nAa) for all differential forms w, n and o on D,
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(V) wAn=(=1)Pn Aw for all p-forms w and q-forms n on D,
(vi) if p is odd then w Aw = 0 for all p-forms w on D.

Proof Properties (i), (ii), (iii) and (iv) follow directly from the definition of
the wedge product. To prove (v) we show that

drj A---Ndxj, Ndxy N---Ndxg, = (=1)Pldzg, A- - Ndxg, Ndxg, A--- Ndxj, .

Property (v) then follows directly from this identity and the definition of the
wedge product.
Now

dejl VANRIERIAY dl’jq AN dl’im = (—l)qdl'zm AN dl’jl VANRERWAN de‘jq

for each 4,,, since we can interchange dw;, with dx; A---Adx;, by making ¢
transpositions. We have to perform this operation p times in order to swap
each of dx;,, dxy,,..., dz;, past

dfﬂjl VANERIVAY diL‘jq.
Therefore
dl’jl/\"'/\dl’jq/\d.ﬁl?il/\“'/\dfﬂip = (—1)pqui1/\---/\dxip/\dle/\~--/\da:jq.

Property (v) follows directly from this.
It follows immediately from (v) that w Aw = —w A w if the degree p of w
is odd. Thus if the degree of w is odd then w A w = 0. This proves (vi). |}

9.4 The Exterior Derivative

Let w be a p-form on an open subset D of R". We say that w is differentiable
if and only if w can be expressed as a sum of expressions of the form

f(x)dx;, Ndxi, A -+ Ndw;,,

where the function f is differentiable on D. Similarly we say that w is C* or
is smooth if and only if w can be expressed as a sum of expressions of this
form where the function f is C* or is smooth. (Recall that a function f is
said to be C* on D if and only if all its partial derivatives of all orders less
than or equal to k exist and are continuous on D. A function is said to be
smooth if and only if it is C* for all non-negative integers k.)
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Definition Let f: D — R be a smooth real-valued function on D. The
differential df of f is defined to be the 1-form on D defined by

af = —d
=2
Observe that if f and g are differentiable real-valued functions on D then

d(f +g)=df +dg, d(f.g)=gdf + fdg

(where we have used the Product Rule for differentiation in deriving the
second of these identities).

Definition Let w be a differentiable p-form for some p > 0, where w is
specified by a sum of the form

W = Z Jirigonip dxiy Ndxyy N - Ndwy,

(’il,iQ ..... ip)el

where fi,4, 4, is a differentiable function for each p-tuple (i1, 1o, ...,1i,) be-
longing to I. The exterior derivative dw of w is defined to be the (p+1)-form
on D defined by

dw = Z dfhiz...ip A\ dﬂ?il N d.flliz N A d.Tip,
(il,ig ,,,,, ip)el

where df;,q,..4, is the differential of the function f; ;. ;,. Thus

8’61 K
dw = Z Z f” ”dj/\dxil/\dxm/\---/\dxip.

(11,82,...,ip) €l j=1

If f is a differentiable 0-form on D (i.e. a differentiable real-valued function on
D) then the exterior derivative df of f is simply defined to be the differential

of f.

Example Let us consider differential forms on R3. Let (z,y, z) denote the
standard coordinate system on R3. If f:R® — R is a differentiable function
on R3 then 0f o/ o/

df = — d —dy + = d=z.

i = MR
Now any differentiable 1-form on w on R? can be expressed as a sum of the
form

w=Pdr+Qdy+ Rdxz.
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Then

dv = a—de/\dx—l—a—de/\d:U—ka—PalZ/\dx
ox oy 0z
0 0 0
+—Qd:c/\dy+—Qdy/\dy+—de/\dy
Ox dy 0z

OR 9,

R OR
+%da§/\dz+a—ydy/\dz+§dz/\dz-

We now use the identities
der Ndxr =dy Ndy =dz Ndz =0,
dr Ndy = —dy Ndx, dyANdz=—dzANdy, dzAN\dxr=—dxANdz
to simplify the expression for dw. We conclude that

_[(0Q 0P OR 0Q oP OR
dw_(@x ay)dac/\dy—i—(ay 8z>dy/\dz+(8z 837) dz \dzx.

Now let n be a differentiable 2-form on R3. We can write

n=UdyNdz~+VdzNdx+WdzxNdy.

where U, V and W are differentiable functions on R?. Then

dn = a—Ud:c/\aly/\dz—i—8—Udy/\dy/\al,z—i—a—Udz/\aly/\dz
Ox dy 0z

Vv Vv Vv
—l—a—d:z:/\dz/\da:—i—a—dy/\dz/\da:—i—a—dz/\dz/\dx
ox oy 0z

-I—%—de/\da:/\dy—k8—Wdy/\dx/\dy+a—wdz/\dx/\dy.
x

Jy 0z
B (8U ov. oW

— 4+ —+— | de ANdy N d=z.
8x+8y+82) T A\Ndy Naz

Here we have used the fact that
de Ndy Ndz =dy Ndz \Ndx = dz N\ dx A dy.

If o is a differentiable 3-form on R3 then do is a 4-form on R®. But there are
no non-zero 4-forms on R?® (Lemma 9.1). Therefore do = 0.
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Remark Let E be a differentiable vector field on R3. We can write E =
(E1, By, E3), where Ey, Ey and E3 are the components of E. Then

curl E =

oy 0z 0z ox Oz oy

(8E3 0F, OFE, 0FE3 0F, 8E1)
divE =82 4 8% 4 &%
Thus if w is the 1-form on R? defined by
w=Fydr+ FEydy+ E3dz
then

dw = (curl E); dy A dz + (curl E)y dz A dx + (curl E)3 dx A dy,

where (curl E); denotes the ith component of curl E for ¢ = 1,2, 3. Also, if n
is the 2-form on R? defined by

n=FEydyNdz+ Eydz Ndx + Esdz N\ dy

then
dn = (divE)dx Ady N dz.

Example Let w be the 2-form on R? defined by
w = cosx cosydr —sinz siny dy.

where (z,y) is the standard coordinate system on R?. Then

dw = (%(cos:v cosy)dy A\ dx — %(Sinx siny) dxr A dy

= —cosx sinydy N dxr — cosx sinydx A dy
= +cosx sinydr Ady — cosx sinydx A dy
= 0.

Note that w = df, where f(z,y) = sinz cosy.

Lemma 9.4 Let D be an open subset of R, w, wy and wy be differentiable p-
forms on D, let n be a differentiable q-form on M, and let f be a differentiable
real-valued function on M. Then

(1) d(w1 + w2) = dw1 + dCUQ
(i) d(fw) = fdw+ df N w,
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(iii) d(w An) =dwAn+ (=1)Pw A dn, where p is the degree of w.

Proof Property (i) is immediate from the definition of the exterior deriva-
tive. In order to verify (ii), it suffices to check that this identity holds in the
particular case when w is of the form

w=gdry N Ndz;,

where g is a differentiable real-valued function on D (since any differentiable
p-form on D is a sum of expressions of this form). But then

d(fw) = d(f.g)dry A--- Ndxy,
= (fdg+gdf) Ndx;, N--- Nday,
= fdw+df Nw,

as required.
In order to verify (iii), it suffices to check that this identity holds in the
particular case when w and n are of the form

w = gdxry N---Ndwg,,
n = hdy; N---Ndxy,.

In this case we see that
wAn=ghdr;y N Ndx;y, Ndxj N--- Ndxj,,
so that
d(wAn) = (hdg+ gdh) Ndz A--- Ndz;, Ndxg A--- Ndxj,.

But
dh A dl’il VANRIERIVAY dl’ip = (—]_>pdl'“ VANRIERAY dl’ip /\dh,

hence

dwAn) = (dgNdxy, N--- Ndxg) A (hdx;, A--- Adxj,)
+ (=1)P(gdxy, A--- Ndxy) A (dh Adxj, A--- Adxj,)
= dwAn+(—1)’w Adn,

as required. This proves (iii). |}

Lemma 9.5 Letw be a C? differential form defined over some open subset D
of R". Then d(dw) = 0.
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Proof First let us suppose f: D — R is a C? function. Then

dfzzg—id
i=1

hence
d(df) = Zd (gg) A da;
ZZ1 jz 3%8951 !
But

f  8f
anal’i N 81318.73]

for all i and j by Corollary 8.2 (since f: D — R is a C? function). Also
dxj \dx; = —dx; A dzx; for all 7 and j. We deduce from these facts that

0
Z Z D00 dz; N\ dx; = 0.

(where the last of these equalities is obtained by interchanging the roles of
the indices ¢ and j). We conclude therefore that

Z ]Z 8%3% dz; A dz; = 0,

and hence d(df) = 0.
Now suppose that w is a p-form given by by an expression of the form

w= fdzry Ndriy, N--- Ndx;,,
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where f: D — R is a C? function on D. Then
dw = df Ndx;, Ndzg, \--- Ndx,
so that
d(dw) = d(df) AN dxsy, Ndxgy A~ Ndxg, — df Ad (deg, Adag, A+ Nday,)
(by Lemma 9.4). But we have shown that d(df) = 0. Also
d (da:il ANdxi, N A dxip) = 0.

Therefore d(dw) = 0. The required result then follows directly from the fact
that any p-form which is C? is a sum of expressions of the form

fd(lfil A dIiQ VANEIEIAN dl’ip,
where f: D — R is a C? function on D. |

Lemma 9.6 Let D be an open subset of R and let d be a differential op-
erator mapping differentiable p-forms on D to (p + 1)-forms on D. Suppose
that the operator d satisfies the following four conditions:

(i) cZ(wl +wy) = dwi + dw, for all differentiable p-forms wy and wy on D,

(i) d(w An) = dw A+ (=1)Pw A dy for all differentiable p-forms w and
q-forms n on D,

(i) d(dw) = 0 for all C? differential forms w on D,

== ey Dy Y
functions f: D—>R onD

dx,, for all differentiable

Then dw = dw for all differential forms w on D that are differentiable on
D. Thus these four conditions completely characterize the exterior derivative
operator sending differentiable p-forms on D to (p + 1)-forms on D.

Proof Let #;: D — R denote the function sending a point (21, g, ..., y) of
D to the ith coordinate z; of that point. Then dZ; = dz;, by (iv). Therefore

by (iii). Thus if we apply (ii) then it follows by induction on p that

J(diﬂn VAN d$i2 VANEIVAY dl’ip) =0
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for all #1,19,...,%,. Thus if the p-form w is defined by
w= f(dxy Ndxy, \--- ANdx;,

for some differentiable function f: D — R then

dw = df Nday Ndriy A ANdag, + fd(deg Adzg A A da)
= df/\dl'il/\d.fb/\"'/\dl'ip
= dw,

by (ii) and (iv). But any differentiable p-form on D can be expressed as a
sum of p-forms which are of the form

fdl’il VAN d(EiQ VANEIVAY dZL’Z’p

for some differentiable function f on D. The required result therefore follows
from (i). |

9.5 Pullbacks of Differentiable Forms along Smooth
Maps

Let D be an open set in R" let E be an open set in R™, and let ¢: D: E

be a smooth map. Let us denote by (z1,xs,...,2,) and (y1,y2,...,Ym) be

the standard coordinate systems on R™ and R™ respectively. Let ¢;: D — R
denote the jth component of the map ¢, for j = 1,2,...,m, so that

p(x) = (p1(x), p2(x); - - -, Pm (X))

for all x € D.
Let w be a p-form on E for some positive integer p. Then w can be
expressed as a sum of the form

W= > Fivjaiy dyn Ny, A+ Ady;,
(jl’j2 7777 jP)EI

where each f;, ;,. j, is a real-valued function on £. We define the p-form ¢*w
on D by

90*(.&) - Z (fj1j2---jp © gp) ngJI A dSDJQ VANREIIVAN ngjp.
(j17.j2 aaaaa ]p)el

If f is a real-valued function on E (i.e., a 0-form on E) then we define
o' f = fop (ie., ¢*f is the composition of ¢ and f). The p-form p*w is
referred to as the pullback of w under the map .
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One must check that the pullback ¢*w is well-defined. Note that
dpj Ndp; =0, dp; Ndpp = —dpy N dp;

for all integers j and k between 1 and m, by Lemma 9.3. It follows from this
that
ngjl /\d(,OjQ/\"'/\ngjp =0

unless the integers ji, ja, . . ., jp are distinct. If these integers are distinct, if 7w
is a permutation of the set {j1, j2, ..., Jp}, and if k, = 7(j,) forr =1,2,...,p,
then

dor, Ndpgy, N+ Ndpy, = exdpj, Ndpj, N -+ Ndpj,,

where €, is +1 if the permutation 7 is even and —1 if the permutation m
is odd. (For any permutation of an indexed set can be accomplished by
successively transposing adjacent elements of that set. The permutation is
evan if it is obtained by an even number of such transpositions, and it is odd
if it is obtained by an odd number of transpositions. Hence the result stated
above follows from the fact that dp; A dop = —dgy A dp; for all j and k.)
We conclude therefore that ¢*w is indeed well-defined (i.e., the formula given
above is consistent with Rule I and Rule II in the definition of differential
forms).

Example Let (x,y) denote the standard coordinate system on R? and let ¢
denote the standard coordinate on R. Consider the smooth curve : R — R?
in R? defined by

() = (&, 1)

Therefore

v(dx) = d(t?) = 2tdt,
v(dy) = d(t*) = 3t*dt.

Therefore
v (2x dy — 3y dx) = 2t*(3t* dt) — 3t*(2t dt) = 0.

Example Let (u,v) denote the standard coordinate system on R? and let
(x,y,2) denote the standard coordinate system on R3. Let ¢:R?* — R3 be
the smooth map defined by

o(u,v) = (sinu cosv,sinu sin v, cosu)
Let w be the 1-form on R? defined by

w=xdr+ydy+ zdz.
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Now

p*dr = d(sinu cosv)

J(sinu cosv) J(sinu cosv)

= d d
du vt ov !
= cosu cosvdu — sinwu sinv dv,
p*dy = d(sinu sinwv)
_ J(sinu sinv) du+ J(sinu sinv) o

ou ov

= cosu sinvdu + sinu cos v dv,

p*'dz = d(cosu)

J(cosu) J(cosu)
- d d
ou v ov ’
= —sinudu.
Therefore
@*'w = sinu cosv (cosu cosvdu — sinu sinv dv)

+ sinwu sinv (cosu sin v du + sinu cos v dv)
+ cosu (— sin u du)

= (sinu cosu cos®v 4 sinu cosu sin® v — sinu cosu) du
4 (—sin® u sinv cosv + sin® u sinv cosv) dv

= 0.

If 7 is the 2-form on R? defined by

n=axdyNdz+ydzNdx+ zdx N\ dy

then
*
wn
= sinu sinv(—sinudu) A (cosu cosvdu — sinu sinv dv)
+ cosu (cosu cos v du — sinu sinv dv) A (cosu sinv du + sinu cosv dv)
+sinwu cosv(cosu sinv du + sinwu cosv dv) A (—sinu du)

3

= sin®u sin?vdu A dv + cos? u sinu cos® v du A dv

—cos?u sinu sin® v dv A du — sin® u cos? v dv A du
(sin® u (sin® v + cos® v) 4 cos® u sinu(cos® v + sin’v)) du A dv
= sinu (sin?u + cos® u) du A dv

= sinudu A dv.
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Lemma 9.7 Let D be an open set in R"™, let & be an open set in R™, and
let p: D: E be a smooth map. Let w, wy and n be p-forms on E and let n be
a q form on E for some non-negative integers p and q. Then

(i) ¢* (w1 4+ we) = @*wy + Y*we for all p-forms wy and wy on E,
(i) ¢*(w An) = *w A p*n for all differential forms w and n on E.

(iii) ¢*(dw) = d(p*w) for all differential forms w on E that are differentiable
on b.

Proof Properties (i) and (ii) follow directly from the definition of the pull-
back of a differential form under the smooth map ¢: D — FE. In order to
verify (iii) we first verify that (iii) holds for all real-valued functions (i.e.,
O-forms) on E. Let f be a real-valued function on E. Then

af = ) = dy;,
;9% !

where (y1, Yo, - .., Ym) denotes the standard coordinate system on R™. There-
fore

* "
i = 3 L opdy,

=1 9Yi
= > (g—f s@) g% dz;
i=1 =1 \9Yi ¢

But it follows from the Chain Rule for differentiation (Theorem 7.10) that

Ifop) ~~[0f dp;
O, —Z(a—yjoso) Ox;

J=1

(For the Chain Rule tells us that (f o )/ (x) = f'(p(x)) o ¢'(x). This means
that the Jacobian matrix for f o ¢ at a point x of D is the product of the
Jacobian matrices of f at ¢(x) and of ¢ at x.) We conclude that

o df = Z%dazi —d(fo).
i=1 v

Now let w be a p-form on E which is of the form

w= fdy;, Ndyj, \--- Ndy;,
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for some differentiable function f: £ — R. Then
dw = df Ndyj, Ndy, N+ Ndy;,,
so that

@ (dw) = o™ (df ) N o™ (dy;,) N @"(dys,) A -+ A p*(dy;,),

by (ii). But ¢*(df) = d(f o ¢) and ¢*(dy;,) = dyp;, for all r. Therefore

@*(dw) = d(f o p) Ndpj, Ndpj, A+ Ndp;,.

But d(dy;) = 0 for all j by Lemma 9.5, hence

d(p*w) = d((fop)dpy ANdos, A Ndp;,)
d(f o) Ndpj Ndpj, N--- Ndp;,

(where we have applied property (iii) of Lemma 9.4 to derive this identity).
Therefore

" (dw) = d(p'w).
Property (iii) now follows from this result, together with the fact that any
differentiable p-form on E can be expressed as a sum of expressions of the

form
fdyj, Adyj, A=+ Ady;,,

where f is a differentiable function from E to R. |}

10 The Poincaré Lemma

Let D be an open subset of R” and let a be a point of D. We say that D is
star-shaped with respect to the point a if and only if the point (1 —¢)x + ta
isin D for all x € D and ¢ € [0,1]. Thus D is star-shaped with respect to
the point a if and only if, for all x € D, the line segment joining a to x is
contained in D.

Let w be a smooth p-form on an open subset D of R". We say that w is
closed if and only if dw = 0. We say that w is ezact if and only if there exists
a (p—1)-form n on D with the property that w = dn. Note that every exact
differential form on D is closed, since d(dn) = 0 for all 7.

Lemma 10.1 (The Poincaré Lemma) Let D be a star-shaped open set in
R"™. Let w be a smooth p-form on D, where p > 1. Suppose that dw = 0.
Then there exists a (p — 1)-form n on D such that w = dn.
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In order to prove the Poincaré Lemma, we consider differential forms on
[0,1] x D, where D is an open set in R". Let (z1,x2,...,2,) denote the
standard Cartesian coordinates on D. We denote coordinates on [0,1] x D
by (t,z1,29,...,2,), where t € [0,1] and (z1,29,...,2,) € D. For each
7 € [0,1], let 5.: D — [0,1] x D be the map which sends (x1,zs,...,z,) to
(1,21, x9,...,2,). Observe that

Bidt) =0, Bi(dw;) =dzi (i=1,2,...,n) (1)

for all 7 € [0, 1].

We define an operator I which takes (continuous) p-forms on [0,1] x D
to (p — 1)-forms on D. This operator I is characterized uniquely by the
following four properties:

(i) I(f) = 0 for all continuous functions f:[0,1] x D — R,
1
(il) I(gdt)(x) = / g(t,x) dt for all continuous functions ¢: [0,1] x D — R,
0

(iii) I(n A dw;y Adxg, N --- Ndxy,) = I(n) A dxg, Adxg, A--- Adw;, for all
continuous differential forms 7 on [0,1] x D,

(iv) If » = my + 19, where 1, and 7y are continuous p-forms on [0, 1] x D
then I(n) = I(m) + I(n2).

Note that the operator I is defined such that

I(fdxy N---Ndz;,)) = 0, (2)

1
I(gdt Ndzi, N--- Ndw;,) = (/ g(t,x)dt)/\da:il/\---/\da:ip, (3)
0

where f and g are continuous real-valued functions on [0, 1] x D.
We claim that if p > 1 then

dI(n) + I(dn) = Bin — By (4)

for all smooth p-forms 7 on [0,1] x D (where §.(x) = (7,x) for all 7 € [0, 1]
and x € D). We now show how the Poincaré Lemma can be derived from
this result.

Proof of the Poincaré Lemma, assuming (4). Suppose that the open
set D in R"™ is star-shaped with respect to the point a of D. Define a smooth
map H:[0,1] x D — D by

H(t,x)=tx+(1—t)a (t€]0,1], xe€ D).
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Note that H o f3; is the identity map of D and that H o 8y maps the whole
of D to a single point a of D. It follows from this that (H o 3y)*(dz;) = 0 for
1=1,2,...,n. Thus

(Hof)'w=uw, (HofBy)'w=0

for all p-forms w on D, where p > 1. Suppose that w satisfies dw = 0. We
apply Equation (4) to the pullback H*w of w under the map H to deduce
that

d(I(Hw))+1(d(H"w)) = pi(H"w) =y (H'w) = (Hof)'w—(Hofh)'w=w

by Equation (4). Thus if dw = 0 then d(H*w) = H*(dw) by Lemma 9.7, so
that w = dn, where n = I(H*w). This proves the Poincaré Lemma, given
Equation (4).

In order to complete the proof of the Poincaré Lemma we must prove
Equation (4). Let f:]0,1] x D — R be smooth. Then

On applying the four properties listed above which characterize the opera-
tion I, we see that

Hane) = [ 5 = 0 - 100

so that
I(df) = foBi1— fopo (5)

We now show that (4) holds for all smooth 1-forms n on [0,1] x D. We
can express 1 as a sum of the form

n :gdt—l—Zfida:i
i=1
where g, f1,..., fn are smooth real-valued functions on [0,1] x D. Then

Iww—ﬁgmmw
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so that

o), 0 /1 |
i1t = S5t =32 ([ oar) o

i=1 =1

- 7 C ] = — .
(;Zl " dt N\ da:,) (;Zl e dx; \ dt)

= —I(dg Adt).

Thus

n

I(dn)+dI(n) = I(dgAdt)+ i I(df; N dx;) 4+ dI(n) = Z I(df;) A dx;

i=1 i=1
n

= > (fioBi — fi0Bo) dui = (Bin) — (Bin).

=1

(where we have used Equation (5)). This verifies (4) in the particular case
when 7 is a smooth 1-form on [0,1] x D.

In order to prove (4) when p > 1, we simply use the fact that every
smooth p-form on [0, 1] X D can be expressed as a sum of p-forms of the form

O'/\dl‘il VAN /\dxip,1

where o is a smooth 1-form on [0, 1] x D. (This follows from the fact that in
any non-zero wedge product of terms of the form dt or dz;, at most one of
the factors of the wedge product will be dt, and we may suppose that this is
the first factor of the wedge product.) If n = o A dx;, where o is a smooth
1-form and dz; is of the form

dry =dxy N--- Ndx;,_,

then
dn = do A dxy, I(n) = I1(o) Ndzy,

so that
dl(n)+I(dn) = (dI(o)+ I(do)) Ndxy = (Bio — Byo) A dxg
pin = Bon,

as required. We have therefore verified (4). This completes the proof of the
Poincaré Lemma.
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Remark One can generalize the Poincaré Lemma to apply to smooth forms
on ‘smoothly contractible’ domains. An open set D in R” is said to be
smoothly contractible if and only if there exists a point a of D and a smooth
map H:[0,1] x D — D mapping [0,1] x D from [0,1] x D to D with the
property that H(0,x) = a and H(1,x) = x for all x € D. Note that star-
shaped domains are smoothly contractible. The proof of the Poincaré Lemma
applies can obviously be generalized to contractible open sets.

Remark Consider the open set D in R? defined by D = R?\ {(0,0)}. Let
(x,y) denote the standard Cartesian coordinates on D and let w be the 1-form

on D defined by
xr )

" dy—

$2 + y2 Yy 1.2 + yQ
A simple calculation shows that dw = 0 everywhere on D. However it can
be shown that there does not exist any real-valued function f defined over
the whole of D with the property that df = w. Note that the open set D is
not star shaped.

dz.

w =

One can deduce certain useful results concerning vector fields in R? from
the Poincaré Lemma. Let D be an open set in R? which is star-shaped with
respect to some point of D, and let V: D — R? be a smooth vector field on
D. Let Vi, V5 and V3 be the three components of V. If we apply the Poincaré
Lemma to the 1-form

Vide + Vody + Vi dz

we see that if curl V. = 0 then there exists some function f on D such that
V = grad f. Such a function f is referred to as a scalar potential for the
vector field V.

Similarly if we apply the Poincaré Lemma to the 2-form
Vidy Ndz + Vodz N\ dx + Vadr A dy

we see that if div'V = 0 then there exists some vector field A on D such that
V = curl A. Such a vector field A is referred to as a vector potential for the
vector field V.

11 The Riemann Integral in n Dimensions
Definition We define a (closed) n-rectangle in R™ to be a set of the form

{xeR":q; <a; <bfori=1,2,...,n},
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where a1, as,...,a, and by, bo,...,b, are real numbers such that a; < b; for
all 7. The interior of the above n-rectangle is defined to be the open set

{xeR":aq; <x;<bfori=1,2,...,n}.

The volume (or n-volume) of the above n-rectangle is defined to be the
product
(bl — a1)<b2 — CLQ) e (bn — CLn)

of the quantities b; — a; for © = 1,2,...,n. We denote the volume of an
n-rectangle S by vol(S5).

We define the the notion of Riemann-integrability for a bounded function
defined on a (closed) n-rectangle in R"™. First we must discuss partitions of
n-rectangles.

Definition Let C' be the n-rectangle in R™ given by
C={xeR":aq;<x;<b; for i=1,2,...,n},

where a1, as,...,a, and by, b, ..., b, are real numbers satisfying a; < b; for
1=1,2,...,n. Suppose that, for each i, we have a partition P; of the closed
interval [a;, b;] given by P, = {t;0,ti1,...,ti s}, where

a; = ti,O < ti,l < ... < ti,s(i) =b;.

Then these partitions of the closed intervals [ay, by], [az, ba], . . ., [an, by deter-
mine a partition of the n-rectangle C' into subrectangles, these subrectangles
being of the form
{xeR" 1 ti,iy-1 < < tipi) s

for some choice of 7(1),7(2),...,r(n) (where each r(7) is an integer between 1
and s(i)). If P denotes the partition of the n-rectangle C' into subrectangles
determined by the partitions P; of [a;,b;] for i = 1,2,... n, then we write
P=P xPx---xP,.

Given a partition P of the n-rectangle C, let us denote by R(P) the
collection consisting of all the subrectangles of C' arising from the partition P
of C'. Thus if

C={xeR":aq;<x;<b; for i=1,2,...,n},

and if P = P X P, x -+ x P,, where P; = {t;0,ti1,...,tis@}, then R(P)
consists of all n-rectangles of the form

{xeR" i t; -1 <@ <tiv)}s
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for all choices of r(1),7(2),...,7(n) (where each r(i) is an integer between
1 and s(i)). Given a bounded real-valued function f defined on an n-
rectangle C' and given a partition P of C', we now define the lower sum L(P, f)
and the upper sum U(P, f) of f with respect to this partition. These quan-
tities are the analogues (in n-dimensions) of the corresponding quantities in
the one-dimensional case.

Definition Let f:C' — R be a real-valued function on an n-rectangle C'
which is bounded above and below on C. We define

L(P )= Y ms(f)vol(S), UL f)= > Ms(f)vol(S),

SER(P) SER(P)
where
ms(f) =inf{f(x) : x € S}, Ms(f) =sup{f(x):x € S}.

Remark Suppose that the partition P of the n-rectangle C' subdivides C
into the subrectangles Sy, Ss, ..., S, (i.e., R(P) = {S1,5,...,5,}). Then

vol(C) = ZVOI(SJ)
L(P f) = ng f)vol(S;),

UP f) = ZMS f)vol(S;),

where myg, (f) is the infimum of the values of the function f on S; and Mg, (f)
is the supremum of the values of f on 5.

Observe that if o < f(x) < 8 for all x € C', where « and [ are suitable
constants, then

avol(C) < L(P, f) < U(P, f) < Bvol(C).

Definition Let C' be an n-rectangle in R™ and let P and R be partitions of
C. The partition R is said to be a refinement of the partition P if and only if
each of the subrectangle of C' arising from the partition R of C' is contained
within some subrectangle arising from the partition P of C.
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Suppose that the n-rectangle C' is given by
C={xeR":aq; <x;<bfori=1,2,...,n},
and that the partitions P and R of C are given by
P=P xPx---xP,, R=Ri X Ry X -+ X R,,

where P; and R; are partitions of the closed interval [a;, b;] for each integer i
between 1 and n. One can easily verify that the partition R of C is a
refinement of the partition P if and only if R; is a refinement of P; for each 1.

Let P be a partition of the n-rectangle C' and let R be a refinement of P.
Let S be a subrectangle of C' which arises from the partition P of C'. Then
those subrectangles of C' arising from the partition R which are contained
wholly within S constitute a partition of S.

Let P and @) be partitions of the n-rectangle C'. Then there exists a
partition R of C' which is a refinement of both P and (). Indeed if

P:P1><P2X"'Xpn, Q:leQQX"'XQn

then we choose a partition R; of [a;, b;] for each ¢ such that R; is a common
refinement of P; and ();. We say that the partition R of C' is a common
refinement of the partitions P and Q.

Lemma 11.1 Let C be an n-rectangle in R". Let f:C — R be a bounded
real-valued function defined on C'. Let P be a partition of C' and let R be a
refinement of P. Then

L(R, )= L(P,f),  U(R,f) <U(P,[).

Proof Let Si,5s,...,5, be an enumeration of the subrectangles of C' which
arise from the partition P. Let S; be any one of these subrectangles. Let
Tj1, T2, ..., Tj,, be an enumeration of those subrectangles of C' arising from
the partition R which are contained wholly within S;. Now those subrect-
angles arising from the partition R which are contained wholly within the
n-rectangle S; constitute a partition of S;, since the partition R of C is a
refinement of the partition P. Thus, for each integer j between 1 and p,
Sj :T’jJUEQU...UJ}’” and

vol(S;) = Z vol(T ).
k=1
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Now

L(P, f) = ms,(f)vol(S;), U(P,f) = Ms,(f)vol(S;),
7=1 Jj=1
and
L(R7 f) - mT] k(f) VOI(,Tj,kL U<R7 f) - MTJ k(f) VOI(T )
j=1 k=1 j=1 k=1
where

ms,(f) =nf{f(x) : x € S}, Ms,(f) = sup{/(x) : x € 5},

mTj,k(f) =inf{f(x) : x € Tj}, MTj‘k(f) =sup{f(x) :x € Tj}.
But mq,, (f) > ms,(f) and Mz, (f) < Mg, (f), hence

LR, f) > > ms(f)> vol(Tjx) st )vol(S;) = L(P, f),
j=1 k=1

UR. ) < > Mg () vol(Tx) ZMS F)vol(S;) = L(P, f),
j=1 k=1

as required. |

Definition Let f be a bounded real-valued function defined over an n-
rectangle C' in R". We define the lower Riemann integral

E/Cf(x)dxldmg...dx

of f on C to be the supremum (or least upper bound) of the quantities L(P, f)
as P ranges over all possible partitions of the n-rectangle C'. Similarly we
define the upper Riemann integral

Ll/cf(x) drydxs...dx

of f on C to be the infimum (or greatest lower bound) of the quanti-
ties U(Q, f) as @ ranges over all possible partitions of the n-rectangle C.
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Now if P and @ are partitions of the n-rectangle C' then L(P, f) < L(Q, f)
for all bounded real-valued functions f on C. Indeed if R is a common
refinement of the partitions P and () then

L(P, f) < L(R, ) SU(R, ) < U(Q, f)

by Lemma 11.1. Therefore

E/ f(x)dzydzs ... dx, < Z/l/ f(x)dzydz, ... dx,
c c
for all bounded real-valued functions f on C.

Definition Let f : ¢ — R be a real-valued function defined on an n-
rectangle C' in R™. Suppose that f is bounded above and below on C'. The
function f is said to be Riemann integrable on C'if and only if

E/f(x)dxldxg...d:vn:L{/f(x)dxldxg...dxn.
c c

If f is Riemann-integrable on C' then we define the Riemann integral

/ f(x)dzydzs ... do,
c

of f on C' to be the common value of the lower and upper Riemann integrals

of fon C.
The following result is the analogue for multiple integrals of Theorem 4.3.

Theorem 11.2 Let f:C' — R be a bounded real-valued function defined on
an n-rectangle C. Then [ is Riemann-integrable on C if and only if, for
every € > 0 there exists a partition P of C' for which

UP, f)—L(P f) <e.

Proof Suppose that f is Riemann-integrable on C'. Let € > 0 be any positive
real number. We must show that there exists a partition P of C' such that
U(P, f) — L(P, f) < e. Now if f is Riemann-integrable then there exists a
partition ) of C' such that

/ f(x)dzydas .. dx, — L(Q, f) < 3¢
c
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Similarly there exists a partition R of C' such that
UR, f)— / f(x)dzydes .. dz, < ie.
c

Then U(R, f) — L(Q, f) < €. Let the partition P of C' be a common refine-
ment of the partitions () and R. Using Lemma 11.1 we see that

L(Q, f) < L(P, [) <U(P, f) SU(R, f),

and hence U(P, f) — L(P, f) < €. This shows that if f is Riemann-integrable
then, given any € > 0, there exists a partition P of C' such that U(P, f) —
L(P f) <e.

Conversely, let f:C' — R be a bounded real-valued function on C' with
the property that, given any € > 0, there exists a partition P of C' such that
U(P, f) — L(P, f) < e. We must show that f is Riemann-integrable on C'.
Now

L(P, f) < E/ f(x)dxy dxsy ... dz, §L{/ f(xX)dxydxy ... dx, < U(P,f)
for all partitionz P of C. Therefore we con((jlude that
Z/{/ f(x)dzydzy ... dx, —E/ f(x)dzydzsy ... de, <e
for all € > 0. %ut )
Z/{/ f(x)dzydzs ... dx, > E/ f(x)dzydz, ... dx,.
We conclude th(;refore that )
Z/{/Cf(x) dxydxs ... dx, = E/Cf(x) dxy dxs . .. dx,.

Thus f is Riemann-integrable on C. |}

The following theorem is the analogue for multiple integrals of Theo-
rem 4.5.

Theorem 11.3 Let C' be an n-rectangle in R™ and let f and g be be bounded
Riemann-integrable functions on C. Let a be a real number. Then the func-
tions f + g and af are Riemann-integrable on C, and

[0+ g0)doa oy = [ ) o
c
/ ( )dxl de dxn7
/Ozf(x)dxld:vQ...dazn = a/f(x)dxldasg...dx
c c

119



Proof Note that
ms(f) +ms(g) < ms(f +9) < Ms(f +9) < Ms(f) + Ms(g)
for all n-rectangles S in R™, where mg(f), ms(g) and mg(f + g) are the

infima of the functions f, g and f + ¢g on S, and where Mg(f), Ms(g) and
Mgs(f + g) are the suprema of the functions f, g and f + g on S. It follows

from this that
L(P,f)+ L(P,g) < L(P, f +g) SU(P, f+g) <U(P, f) + U(P, g)

for every partition P of the n-rectangle C.
Given € > 0 choose partitions () and R of C such that

1
/ f(x)dzy dasy ... dz, — =€,
C 4

L(R,g) > /Cg(x) dridzs...dx, — 15
u,f) < /Cf(x) dxidx,y .. .dx, + ie,
U(R,g) < /Cg(x) drydzy ... dx, + }15.

Let P be a common refinement of () and R. Then
L(P,f+g) > /Cf(x) drydzs ... dx, + /Cg(x) drydzy .. .dx, — R
UP,f+g) < /Cf(x)dxlda:g...da:n+/Cg(x)dx1dx2...dxn+ %5.

Hence U(P, f + g) — L(P, f + g) < e. This shows that f + g is Riemann-
integrable and that

/C(f(X)—i—g(X))d:vl dry. .. /f Ydxy dz;y . .
/C (x) dzy dzs . . . da.

It is easily verified that af is Riemann-integrable and that

/af(x)da:ldxg...d:cn:a/f(x)da:ldxg...da:n. [
c c
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Let S be an n-rectangle in R", given by
S={xeR":u <z <v},

where uq, us, ..., u, and vy, vy, ..., v, are real numbers which satisfy u; < v;
for each i. Given any continuous real-valued function f on S, let us denote
by Is(f) the repeated integral of f over the n-rectangle S which is given by

]S(f):/:n (/x (/m Jn, e, a) dan ) ds ) d,

n=Un 2=U2 1=U1

(i.e., Is(f) is obtained by integrating the function f first over the coordinate
x1, then over the coordinate x5, and so on). Observe that if o < f(x) < 8
on S for some constants a and 3 then

avol(S) < Is(f) < pvol(S).

We shall use this fact to show that if f is a continuous function on some
n-rectangle C' in R™ then

Io(f) = /Cf(x) dxydxy . .. dx,

(i.e., Ic(f) is equal to the Riemann integral of f over C).

Theorem 11.4 Let f be a continuous real-valued function defined on some
n-rectangle C' in R™, where

C={xeR":aq; <z; <}

Then f is Riemann-integrable on C', and moreover the Riemann integral

/ f(x)dzydzs ... dx,
c

of f over C is equal to the repeated integral
by b by
/ (/ (/ f(xl,xg,...,xn)dx1> deQ...) dx,,.
Tpn=0an To=as T1=a1

Proof Given a partition P of the n-rectangle C, we denote by L(P, f) and
U(P, f) the quantities defined by

L(P,f)= > ms(f)vol(S),  U(Pf)= > Ms(f)vol(S)

SER(P) SER(P)
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where R (P) denotes the collection consisting of the subrectangles of C' arising
from the partition P of (', and where

ms(f) = inf{f(x):x € S}, Ms(f) =sup{f(x):x € S}.

First we show that f is Riemann-integrable on C'. We do this by showing
that, for any ¢ > 0, there exists a partition P of C for which U(P, f) —
L(P f) <e.

Now the n-rectangle C' is a closed bounded set. Thus the continuous
function f is bounded on C' (by Theorem 3.1) and is uniformly continuous
on C' (by Theorem 3.3). Let € > 0 be given. Then there exists some 6 > 0

such that
€

2vol(C)

whenever x,y € C satisfy |[x —y| < 6. Choose a partition P of C' which
has the property that if S is any one of the subrectangles arising from the
partition P of C' then |x —y| < ¢ for all points x and y of S. (This can
be done by ensuring that the length of the sides of the subrectangles arising
from the partition P do not exceed §/4/n.) Note that

[f(x) = f(y)l <

Ms(f) = ms(f) < 5

for every S € R(P). But

UP, f) = L(P, f) = Y (Ms(f) —ms(f))vol(S),

SER(P)

hence

U(P,f)— L(P, f) < Vol > vol(S) = Le.

— 2vol
SER(P)

Thus, given any € > 0, there exists a partition P of the n-rectangle C' such
that U(P, f) — L(P, f) < e. It follows from Theorem 11.1 that f is Riemann-
integrable on C.

We now show that the Riemann integral of f over the n-rectangle C' is
equal to the repeated integral given above. Let P be a partition of C'. Let S
be any of the subrectangles of C' arising from this partition. Then

ms(f) vol(S) < Is(f) < Mg(f) vol(S),

where
ms(f) =inf{f(x) : x € 5}, Ms(f) =sup{f(x):x € S}.
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Now

Io(f)= > Is(f),

SER(P)

where R(P) is the collection consisting of all the subrectangles arising from
the partition P of C. Thus if L(P, f) and U(P, f) are defined by

L(P.f)= ) ms(f)vol(S),  U(P.f)= )  Ms(f)vol(S)
)

SER(P) SER(P

then
L(P, f) < Ic(f) <UL, f).

The Riemann integral of f is equal to the supremum of the quantities L(P, f)
as P ranges over all partitions of the n-rectangle C', hence

/ f(x)dzydzs ... de, < Ic(f).
c

Similarly the Riemann integral of f is equal to the infimum of the quanti-
ties U(P, f) as P ranges over all partitions of the n-rectangle C', hence

Ic(f)g/cf(x)dxldxg...da:n.

Hence

Io(f):/cf(x)dxldxz...dxn,

as required. |}

Note that the order in which the integrations are performed in the re-
peated integral plays no role in the above proof. We may therefore deduce
the following important corollary.

Corollary 11.5 Let f be a continuous real-valued function defined over some
closed rectangle C' in R?, where

C={(zr,y)eR*:a<2<b c<y<d.

/ab</cdf(x,y)dy) dx:/cd</abf(x,y>dx) 0

Then

123



Proof It follows directly from Theorem 11.4 that the repeated integrals

/ab (/Cdf(x,y)dy) dz and /Cd (/abf(:v,y)dx) dy

are both equal to the Riemann integral of the function f over the rectangle C'.
Therefore these repeated integrals must be equal. |}

The material in the remainder of this section of the course is NON-
EXAMINABLE. It is included for the sake of completeness. How-
ever proofs of the results described below are not presented here.

In this section we have discussed integrals defined over n-rectangles in n-
dimensional Euclidean space R™. However it is often necessary to integrate
functions over regions (such as balls, tetrahedra, ellipsoids etc.) which are
not n-rectangles. However if one is to make sense of the concept of the
Riemann integral of a bounded function over such a set, it is neccessary to
impose certain conditions on the set. We consider sets V' which are closed and
bounded. However the boundary of the set V' must be ‘sufficiently regular’
in order to allow us to define the Riemann integral of a real-valued function
over V. We give some definitions which will be applied when we discuss the
nature of the conditions to be imposed on the set V.

Definition Let D be a subset of R". The closure D of D is defined to be
the smallest closed set containing D. Thus D is closed, and D C A for every
closed set A containing D. Similarly the interior int(D) of D is defined to
be the largest open set contained in D. Thus int(D) is an open set, and
U C int(D) for every open set U contained in D. The frontier (or boundary)
of D is defined to be the set D \ int(D) (i.e., the frontier of D consists of all
points of the closure D of D which do not belong to the interior int(D) of D.

Let F' be the frontier of the set D. A point x of R" is contained in the
complement R™\ F' of F' if and only if either there exists an open neighbour-
hood of x which is a subset of D or else there exists an open neighbourhood
of x which is a subset of the complement R™ \ D of D.

Definition Let A be a subset of R”. Then the set A is said to have (n-
dimensional) content 0 if and only if, for every e > 0, there exists a finite
collection Sy, Ss, ..., S, of n-rectangles in R™ such that

(i) each point of the set A is contained in the interior of one of these
n-rectangles,
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(ii) évol(Sj) <e.

Definition A closed bounded subset V' of R" is said to be Jordan-measurable
if and only if the frontier (or boundary) of the set V' has content 0.

Let V be a subset of R™. The characteristic function xy of the set V is
defined by
1 ifxeV;
XW@:{O ifx g V.

Theorem 11.6 Let V' be a closed bounded subset of R™ and let C' be an n-
rectangle in R™ which contains the set V. Then the characteristic function v
of V is Riemann-integrable over C if and only if V' is Jordan-measurable.

A proof of this result is to be found in Calculus on manifolds by M. Spivak
(Theorem 3-9 on page 55).

In view of Theorem 11.6 we shall restrict our attention to defining the
integral of real-valued functions over Jordan-measurable closed bounded sets.
It is an ‘obvious fact’” that sets such as spheres, wedges etc. that one meets
frequently in applied mathematics when evaluating multiple integrals are all
Jordan-measurable.

Definition Let V' be a closed bounded Jordan-measurable set in R". Let
f:V — R be a bounded real-valued function defined on V" and let f: R" — R
be the extension of f to the whole of R™ defined by

2oy ) flx) ifxeV;
ﬂ@—{o ifx gV

The function f is said to be Riemann-integrable over the set V' if and only if
f is Riemann integrable over any n-rectangle which contains the set V. If f
is Riemann-integrable over V' then we define the Riemann integral

/ f(x)dzydz,y ... dx,
v

of f over V to be equal to the Riemann integral of the function f over any
n-rectangle which contains V.

It can be shown that if V' is a closed bounded Jordan-measurable set and
if f:V — R is a continuous real-valued function on V' then f is Riemann-
integrable on V.

Finally we state a version of the change-of variables formula for multiple
integrals. Let D and E be subsets of R".
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Theorem 11.7 (Change of Variables Formula) Let D be an open subset of
R"™ and let ¢: D — R™ be a smooth map. Let V' be a closed bounded Jordan-
measurable subset of D and let f be a real-valued function defined over ¢(D)
which is Riemann-integrable on w(D). Then

/ F(y) dys dys .. dy = / F((x))| det ! (x)| diy ey . .,
o(V) \4

Here det ¢'(x) denotes the determinant of the Jacobian matrix ¢'(x) of
the smooth map ¢ at the point x of V.

The proof of this result is somewhat involved. A rigorous proof requires
a number of results (such as the Inverse Function Theorem) which go well
beyond the scope of this course. A proof of the change of variables formula
can be found in Calculus on manifolds by M. Spivak (pages 66-72).

12 Curvilinear Coordinate Systems

In this section we shall discuss curvilinear coordinate systems defined over
open sets in R™. We shall then discuss the representation of differential forms
with respect to curvilinear coordinate systems.

Let D and E be subsets of R" and let ¢: D — E be a map from D into E.
The map ¢: D — FE is said to be a diffeomorphism from D to E if and only
if

(i) the function ¢ is a bijection from D to E (so that the inverse map
o 1 E — D is well-defined),

(ii) ¢: D — FE and ¢ ': E — D are both smooth.

(Recall that a map p: D — E is said to be smooth if and only if the partial

derivatives
1kt

Y5
Oxht 0k ... Oxkn
of the components @1, ¢, ..., v, of the map ¢ exist and are continuous for
all choices of the non-negative integers ki, ko, ..., ky.)

Lemma 12.1 Let D and E be open sets in R, and let p: D — FE be a
diffeomorphism from D to E. Then the determinant det ¢'(x) of the Jacobian
matriz ¢'(x) of ¢ is non-zero at each point x of D.
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Proof Let ¢: E — D be the inverse ¢! of the map . Then 1 o ¢ is the
identity mapping of D, so that the Jacobian matrix (¢ o ¢)'(x) of 1 o ¢ at
any point x of D is the identity matrix. But we see from the Chain Rule
(Theorem 7.10) that (v o p)'(x) = ' (p(x))¢'(x) for all x € D. Therefore

det ¢'(p(x)) det ¢'(x) = det (¢ (p(x))¢(x)) = 1
for all x € D, and hence det ¢/(x) # 0 for all x € D, as required. |}

Definition Let D and E be open sets in R" and let ¢: D — FE be a dif-
feomorphism from D to E. If det¢'(x) > 0 for all x € D (where ¢'(x)
denotes the Jacobian matrix of ¢ at x) then the diffeomorphism ¢ is said to
be orientation-preserving. If det ¢'(x) < 0 for all x € D then ¢ is said to be
orientation-reversing.

We now discuss the notion of path-connectedness.

Definition A subset S of R" is said to be path-connected if and only if, given
any two points u and v of S there exists a continuous map 7: [0, 1] — S from
the closed interval [0,1] into S such that v(0) = u and (1) = v (i.e., the
set S is path-connected if and only any two points of S can be joined by a
continuous curve whose image is contained wholly within .5).

Lemma 12.2 Let S be a path-connected subset of R™ and let f: S — R be a
continuous real-valued function defined on S. Suppose that f(x) # 0 for all
x € S. Then either f(x) > 0 for allx € S or else f(x) < 0 for allx € S
(i.e., the function f has the same sign throughout S ).

Proof Let u be a point of S. Suppose that f(u) > 0. Let x be a point of S.
Then there exists a continuous map ~:[0,1] — S such that 7(0) = u and
v(1) = x. But then f o+ is a continuous real-valued function defined on the
closed interval [0, 1] which is non-zero everywhere in [0, 1]. We deduce from
this that f(x) > 0 (since if it were the case that f(x) < 0 then it would follow
from the Intermediate Value Theorem that f(y(t)) = 0 for some ¢ € [0, 1],
contradicting the fact that the function f is non-zero everywhere on S5).
Similarly if f(u) < 0 then f(x) <Oforallxe S. |

We conclude immediately from Lemma 12.1 and Lemma 12.2 that if D
and E are open sets in R", if ¢: D — F is a diffeomorphism, and if D is
path-connected then either ¢ is orientation-preserving or else ¢ is orientation-
reversing.
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Definition Let U be an open set in R” and let @1, ¢o, ..., ¥, be smooth
functions on U. We say that these functions define a smooth curvilinear
coordinate system on U if and only if the map sending x € U to

(1(%); p2(x); - - pu(x))

defines a diffeomorphism from U onto some open set in R™.
Example Let H be the half plane in R? defined by
H={(z,y,2): <0, y=0}

and let U be the complement R" \ H of H in R™. Then the spherical polar
coordinates (r, 0, ¢) form a smooth curvilinear coordinate system on U, where
the values of # and ¢ are chosen such that 0 < § < 7 and -7 < ¢ < 7. A
point (x,y, z) of U is given in spherical polar coordinates by

x =rsinf cosp, y = rsind sin g, 2z =rcosh.

(We have excluded the half plane H from the domain U of our spherical polar
coordinate system in order to ensure that the angles 6 and ¢ are unambigu-
ously defined and vary smoothly over the open set U.)

Similarly the cylindrical polar coordinates (p, ¢, z) form a smooth curvi-
linear coordinate system on U, where —m < ¢ < m. A point (z,y, ) is given
in cylindrical polar coordinates (p, p, z) by

T = pCosp, Yy = psin .
Example Let u and v be the smooth real-valued functions on R? defined by
2

u=x, v=y—x".

Then (u,v) is a smooth curvilinear coordinate system on R?. Note that x
and y are given in terms of the curvilinear coordinates v and v by

Tz =1, y:v—l—u2.

Let (¢1, @2, - - ., ©yn) be a smooth curvilinear coordinate system defined on
an open subset U of R". Let ¢: U — R" be the smooth map defined by

p(x) = (p1(x),2(X), - n(x)) -
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Then ¢ maps U diffeomorphically onto some open subset ¢(U) of R™. Tt
follows immediately from Lemma 12.1 that det¢/(x) # 0 for all x € U,
where ¢'(x) is represented by the Jacobian matrix of ¢ at x, given by

dpr Oy i1
8_951 6_x2 o
Jps  Op o
¢ (x)=| 8z, Oz, = Oz, |,
Opn Opu  Opn
Oxy Oxy Oz,

where the partial derivatives occurring in the matrix are evaluated at the
point x of U.

Definition Let U be an open set in R™ and let (¢1, @2, ..., ¢,) be a smooth
curvilinear coordinate system defined on U. We say that this curvilinear
coordinate system is positively oriented if and only if det ¢'(x) > 0 for all
x € U (where p(x) = (¢1(x), 2(X), ..., pn(x)) for all x € U). Similarly we
say that this curvilinear coordinate system is negatively oriented if and only
if det ¢'(x) < 0 forallx € U.

Observe that the smooth curvilinear coordinate system (1, @a, ..., ¢,) is
positively oriented if and only if the map ¢ with components @1, o, ..., ¢,
is an orientation-preserving diffeomorphism mapping U onto an open sub-
set ¢(U) of R™. Similarly this curvilinear coordinate system is negatively
oriented if and only if the map ¢ is an orientation-reversing diffeomorphism
mapping U onto an open subset ¢(U) of R™.

If U is a path-connected open set in R™ then every curvilinear coordinate
system defined over U is either positively-oriented or negatively-oriented,
since any diffeomorphism from D to some open set in R is either orientation-
preserving or else is orientation-reversing.

The orientation of a curvilinear coordinate system depends on the order
in which the curvilinear coordinates are specified, as the following lemma
shows.

Lemma 12.3 Let (1,2, ..., ¢n) be a positively oriented smooth curvilinear
coordinate system defined on an open set U in R™. Let w be a permutation of
{1,2,...,n} and let j1, j2, . .., jn be defined by j; = w(i) for eachi. If 7 is an

even permutation then the curvilinear coordinate system (i, Pjys - -+ Pj,) 1S
positively oriented. If w is an odd permutation then the curvilinear coordinate
system (©j,, Piys - -+ Pjn) 1S negatively oriented.
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Proof The permutation 7 determines a corresponding permutation of the
rows of the Jacobian matrix ¢’ of the transformation ¢: U — R™ represented
by ©1, @, ..., @ If the permutation is even then it leaves the determinant of
the Jacobian matrix unchanged. If the permutation is odd then it multiplies
the determinant of the Jacobian matrix by —1.The required result follows
immediately. |}

Example Let H be the half plane in R? defined by
H=A{(z,y,2): 2 <0, y=0}

and let U be the complement R™ \ H of H in R™. Then the spherical polar
coordinates (r, 0, ) form a positively oriented curvilinear coordinate system
on U. To prove this we must show that the determinant of the Jacobian
matrix J

or Or Or
dr Oy 0z
00 90 90
dr oy oz |’
Do Dp Oy
dr Oy 0z

is everywhere positive on U. We could do this by expressing the Cartesian
coordinates (x,y, z) in terms of (r, 0, ¢) and then calculating the components
of the Jacobian matrix above directly. However it is more convenient to
proceed by observing that the inverse J~! of .J is the Jacobian matrix of the
transformation specifying the Cartesian coordinates (z,y, z) in terms of the
spherical polar coordinates (r, 0, ¢), so that

Jdxr Oxr Ox
ar 90 Oy
PR i T
or 00 0y
Jz 0z 0z
ar 90 Oy
Now
x =rsinf cosp, y = rsinf sin g, 2z =rcosf.

A straightforward calculation shows that det.J~! = r?sin§. Hence
1
r2sin@’
where 0 < 0 < m. We conclude that detJ > 0 everywhere on U. Thus

the spherical polar coordinates (7,0, ¢) (when taken in this order) form a
positively oriented curvilinear coordinate system on U.

det J =
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12.1 Representation of Differential Forms in Curvilin-
ear Coordinate Systems
Lemma 12.4 Let (o1, @2,...,¢n) be a smooth curvilinear coordinate system

defined over an open set D in R™. Define E = p(D), where p: D — R™ is
defined by

p(x) = (p1(x), pa(x), - -, on(X)) -

Then every smooth p-form on D can be expressed as a sum of terms of the
form

F(SO179027 .- JSOYL) dgpll A d@w AREENAN dgpi;ﬂ

where F': E — R is a smooth function on E and where 41,12, ... ,1, are inte-
gers between 1 and n.

Proof It follows from the definition of the differential of a function that

dp;
Z axj dZEj
for i = 1,2,...,n. But the Jacobian matrix
91 Op Op1
Ooxry Oxy Oz,
Opy  Ops s
Ory Oxy Oz
0w Opn O
Oory Oxy Oz

of ¢ is invertible at every point of D (since ¢ maps D diffeomorphically
onto F). Let its inverse matrix be given by

a1 a12 RN Q1n
a921 929 Ce A9y,
Ap1  Ap2 oo Qpp

where a;;: D — R is a smooth function on D for each pair (j,7) of integers
between 1 and n. Then

n

ﬂaxk 0 ifj#k,
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hence
n

Zajidcpi = Z Zaﬂ Opi dxk = dz;
i=1

i=1 k=1
for j=1,2,...,n
Now each smooth p-form on D can be expressed as a sum of terms of the
form
f(xy, 29, ... wn) dwjy Ndxj, A -+ Ndxj,,

where f is a smooth real-valued function on D and where jq, jo, ..., j, are
integers between 1 and n. However we have shown that

n

dJ]j = Z (ljz‘ngi

=1

for each j. If we express each dx; in terms of dyy, dps, . . ., dp, in this fashion
we conclude that each smooth p-from on D can be expressed as a sum of terms
of the form

(1,2, . .. xn) dpj, Ndpj, N -+ ANdpj,,
where ¢ is a smooth real-valued function on E. However

9(@1, 22, .., Tn) = F(p1, 02, on),

where F: E — R is defined by F = go ¢~!. Thus every smooth p-form on D
can be expressed as a sum of terms of the form

F(o1, 02, pn)dpi, Ndpg, A=+ A dey;,,

as required. |}

Let f: D — R be a smooth real-valued function defined over some open
set D in R™ and let (¢1, 2, . . . , n) be a smooth curvilinear coordinate system
on D. Define £ = ¢(D), where ¢: D — R™ is defined by

p(x) = (p1(x),2(X), -, n(x)) .

Suppose that
f = F(SODSOQW”;%OTL)?

where F' is a smooth function on £. It follows from the Chain Rule that

ZaF ©1, P2y - -, Pn) Opj

6’x, p; ox;
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But

i=1 =1
It follows that
- 8F((p179027"';90n)
df = dep;.
; Dp; ’
Lemma 12.5 Let (o1, @o,...,¢n) be a smooth curvilinear coordinate system

defined over an open set D in R™. Let w be the smooth p-form on D given
by

w=F(p1,02,...,0n) dpy, Ndpi, N--- Ndp;,,
(where F' is a smooth function of its arqguments). Then

n

aF((pl? P25, 9071>
dw =
v=2 dp;

dpj dpiy N dpiy N -+ Ndp,.
j=1

Proof Recall that if n; and 7, are differential forms on D then
d(m A n2) = dpi Anp + (=1)' A dn,

where ¢ is the degree of the differential form 7; (see Lemma 9.4). Now
d(dy;) = 0 for all i (see Lemma 9.5). Using these facts one can show (e.g.,
by induction on p) that

d (dg@zl A dQOZQ VANEIERIVAN ngip) =0.
Thus

dw = d(F(p1,92,--.,0n)) Ndpy, Ndps, N+ Ndg;,

_ ZaF(%,%,---,(ﬂn)
: dp;

doj Ndpi, Ndpi, N - Ndp;,
7j=1

as required. |}
Example Let H be the half plane in R? defined by
H={(z,y,2): 2 <0, y=0}

and let U be the complement R" \ H of H in R". Let (r,0,¢) be spherical
polar coordinates on U, so that

x =rsinf cosp, y = rsinf sin g, z =rcosb,
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where (z,y, z) denote the standard Cartesian coordinates of the point with
polar coordinates (r,6, ). Using Lemma 12.5 we see that

dr = sinf cospdr +rcosf cospdf — rsinf sinpdy,
dy = sin@ sinpdr + rcosf sinpdf 4 rsinf cos dy,
dz = cosfdr —rsinfdf.

Suppose that we define 1-forms wy, wy and w3 by
wy =dr, ws=rdf, ws;=rsinfddp.
Then
wi Awy =rdr Adf, wy Aws=r>sinfdd A dp, w3 Awy =rsinfdp Adr,
wi Awy Aws =r2sinfdr Adf A dp,

and

dwy, = 0,

dwy = dr Ndf = %wl A wo,

cot d 1

dws = sinfdr ANdep+rcosfdf Ndy = wo A\ wg — —w3 A wi.
r

Lemma 12.6 Let D and E be open sets in R" and let p: D — FE be a
diffeomorphism from D to E. Let ©1,ps,...,0, be the components of the
map . Then

dey Ndpa A -+ Ndp, = (det @) doy Adzg A -+ A day,

where ¢'(x) denotes the Jacobian matriz of the diffeomorphism ¢ at the
point X.

We do not present the proof of this result here in full generality. Instead
we shall show that this formula is valid in the cases when n = 1, n = 2 and
n=3.

Proof of Lemma 12.6 in the case when n = 1. In this case D and F
are open sets in the set R of real numbers, and
de(x)

det QO/(.T) = W

for all x € D. But it follows from the definition of the differential of a
function that p
dy = % dr.
dx

Thus Lemma 12.6 is valid when n = 1.
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Proof of Lemma 12.6 in the case when n = 2. The differentials dip;
and dpy of 1 and @y are given in this case by

0p1 iy dipa dipa
dpy = —d —d dpy = —d —= dxs.
$1 o1, Ty + Dy T2, V2 o1, 1+ Oy T2
Now dx1 Adxy =0, dog A dzey = 0 and dzg A dovy = —dxy A dxg. Therefore
dp1 Opy  Op1 Oy
dpi AN d = — dri AN d
pLaaes (8331 Ory  Oxg 011 T AT
Ip1 Op
_ | 0xp  Oxy
= % % dl’l VAN dl’Q,
Oor; Oxs

as required.

Proof of Lemma 12.6

8@1
d p—
¥1 o1,
Oy
d pr—
P2 o,

s

—dI1+

—dx1+—dx2—|-

in the case when n = 3. In this case

64,01
—d
(‘3x2 i) +

Oy

8901
—d
8273 X3,
Dipa

8_953 dxs,

dips3

81'2
3

dps = —dr|+ ——dry+ = dxs.

81'1
Thus

d(pl VAN dQOQ A d§03 =

6@ 81'3

%%% dl’l N d(L’Q A dl’g

8x1 8x2 8333

Oip1 Opa Op3
— ———T"dry ANdrs Nd
* 691:2 8:153 8.731 2 3 T

8901 8902 8g03
—=—"=d d d
* 8x3 &”vl (9:102 s A 1 A 2

i1 Oz O3
—— ———T"drs Adrys Nd
+ 856'3 8x2 8%1 3 2 T

D1 O Op3
— = d d
+ 81‘1 81‘3 (91‘2 T A €T3 A )

01 Oy O3
—— =" dxs Ndzy Nd
* 8352 81’1 85(73 2 T 3

D1 O O3

_ (3901 Oy Op3
81'1 81‘2 (31‘3

81‘2 8953 8x1

01 Oy O3 _ 01 Oy O3

8563 0x1 8.732

81’3 (91:2 (99(:1
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1 Opa O3

o1 Oy O3

B 0x1 Oxs 019 B 0xy Ox1 Oxs

dp1 Opr  Opy
(91'1 81‘2 61‘3
| Opy Opy Do
N 81‘1 81'2 61’3
Ops Doz O3
Or; Oxe Oxs

> d[L‘l N dIEQ N deg

dl‘l N d!L’Q N dl’g,

as required.

Remark One can derive Lemma 12.6 immediately from a theorem proved

in Course 211. This theorem states that if uy, us, ..., u, and vy, vs,...v, are
elements of some vector space V and if
T
uj; = Z a;vj
i=1
fori=1,2,...,r then
ug Aug A+ A = (det A)vg Avg A=+ Aoy,
where A is the r x r matrix of scalar coefficients given by
aj a,
PO A
@ ad a3
Remark We conclude immediately from Lemma 12.6 that if (1, @2, ..., ¢n)

is a smooth curvilinear coordinate system defined over some open set D in
R™ then

dpy Ndpa N -+ Ndp, = (det @) dzy Adzg A -+ A day,

where ¢’ is the Jacobian matrix defined by

Op1 Opy 01
dr,  Oxy 0z,
s Oy Jipa
¢'=| 0r, 0Oy Oz,
Opn  Opn Opn
Odr; 0o ox,
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13 Integration of Differential Forms

Let w be a continuous n-form defined over an open set D in R”, and let V'
be a closed bounded Jordan-measurable subset of D. We can write

w= f(z1,T2,...,T,)dxy Ndxo A -+ Ndx,,

where f: D — R is a continuous function on D. We recall that the Riemann

integral of continuous function over a closed bounded Jordan-measurable set
in R™ is well-defined. Thus let us define

/wz/f(xl,xg,...,xn)dxldxg...da:n.
v v

Lemma 13.1 Let w be a continuous n-form on some open set D in R™.
Let (z1,x9,...,2,) be the standard Cartesian coordinates on R™. Let m be
a permutation of the set {1,2,...,n}, and let j; = w(i) fori =1,2,... n.
Suppose that

w= f(x)dz;, Ndxj, N--- Ndzx;,.

/wzew/f(x)dxld@...dxn
v v

for all closed bounded Jordan-measurable subsets V' of R™, where

Then

. — +1 if the permutation 7 is even;
T | =1 if the permutation T is odd.

Proof This follows directly from the definition of the integral of w, using
the fact that
drj, Ndzj, \--- Ndzxj, = exdry Ndra N --- Ndz,. |}
Example Let w be a 3-form on R? which has the form
w= f(z,y,z)dz Ndy A dx.

Then
/w:—/f(a:,y,z)dxdydz
1% 1%

for all closed bounded Jordan-measurable subsets V' of R3.

Using the Change of Variables Formula for multiple integrals (Theorem
11.7 we can deduce the following result.
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Theorem 13.2 Let D and E be open sets in R™ and let p: D — E be a
diffeomorphism from D to E. Let w be a continuous n-form on E, and
let V' be a closed bounded Jordan-measurable subset of D. If p: D — E s

orientation-preserving then
[ oo
(V) 14

(where p*w is the pullback of w under the map ¢. Similarly if p: D — E is

orientation-reversing then
/ w=— / Yrw.
o(V) 14

w= f(xy,z2,...,2,)dxy Ndxg N+ Ndxp,

Proof We can write

where f: ' — R is continuous. If we apply the change of variables formula
(Theorem 11.7) we see that

/wv) c /wv) f(x)drydry ... dz,.
= / fle(x))| det gp’(X)| dridxs . ..dx,,.
1%

On the other hand

p'w = (fop)dpi Adpa A~ Ndpn
= (fop)(dety)dzy ANdzy A -+ Adzy,.

by Lemma 12.6. If ¢: D — E is orientation-preserving then det ¢'(x) > 0 for

all x € D, and hence
/ w= / Yrw.
(V) 4

Similarly if ¢: D — FE is orientation-reversing then det ¢'(x) < 0 for all

x € D, and hence
/ w= —/ o'w. B
o(V) Vv

Corollary 13.3 Let w be a continuous n-form defined over some open sub-
set D of R™. Let (¢1,¢2,...,¢0n) be a smooth positively-oriented curvilinear
coordinate system on D. Suppose that

w=F(p1,02,...,0n)do1 Ndps A -+ Ndpy,

138



Let V' be a closed bounded Jordan-measurable subset of D. Then

/w:/ F(uy,ug, ..., uy,)duy dus ... du,.
Vv (V)

Proof Let E = ¢(D), where

P(x) = (p1(x), pa(x), . . -, Pn(X)).

The diffeomorphism D — FE is orientation-preserving (since the coordinate
system (@1, @2, ..., @,) is positively oriented. Moreover w = ¢*n, where 7 is
the n-form on E defined by

n=Fdry Ndxs A --- ANdz,.

It follows that

/w - /90*?7=/ n
v 14 (V)

= / Fuy,ug, ... uy,) duy dus ... duy,,
(V)

as required. |
We may deduce from this the following result.

Corollary 13.4 Let w be a continuous n-form defined over some open sub-
set D of R™. Let (¢1,¢2,...,¢n) be a smooth positively-oriented curvilinear
coordinate system on D. Let m be a permutation of the set {1,2,...,n}.
Suppose that

w=F(o1,02,...,0n)dpj, Ndpj, \--- Ndpj,,

where j; = (i) for each i. Let V be a closed bounded Jordan-measurable
subset of D. Then

/w:eﬁ/ F(uy,ug, ... uy,) duy dus ... du,.
v (V)

_J1 if mis even;
““T Y =1 ifn s odd.

where
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Example Let (u,v) be the smooth curvilinear coordinate system on R? de-
fined by

2

u=uzx, v=1y— .
Then @ %
oxr Oy _
o0 o0| "
or Oy

hence the coordinate system (u,v) is positively oriented. Let () be the region
in R? defined by

Q={(r,y) eR*: -1<a <1, 2><y<a?+1},
and let w be the 2-form defined by w = (y? — 2yx? + 2?)dx A dy. Now
du = dx, dv =dy — 2z dz,

hence du A dv = dx A dy. It follows that w = v?du A dv and hence

1 1 9
/w:/ / vVdudv = =.
Q v=0 Ju=—1 3

Example Let (7,6, ¢) be spherical polar coordinates on R3. Let w be the
3-form on R3 defined by w = r?sinfdr Adf A dp. Let V be the closed set in
R3 defined by

B={(r,y,2) €ER*: x>0, 322<z*+y? 1<2”+y*+2%<4}

Note that the set B is the set of all points in R for which 1 < r < 2,
—7m/2 < ¢ <m7/2and 7/3 <6 < 27/3. Therefore

27

* singdo

pi
3

i

2

/ r?sin @ dr df dp =
r=1 3
T

27
3

fo = L1

3
147 s
= —CcOS— = —.

3 3 3

Example Let (r,0) be polar coordinates on R%. The coordinate system (r, 6)
is positively oriented. Consider the 2-form 7 defined by n = r3df A dr. Let
D be the closed unit disk in R? defined by

D{(z,y) € R* : 2* +¢y* < 1}
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Then

2 1
/7]:—/ / 7“3d7‘d9:—z.
D 0=0 Jr=0 2

(Note the minus sign in this formula: this occurs because the coordinate
system (r,0) is positively oriented, whereas the coordinate system (6,7) is
negatively oriented. Thus if f is any function on D then

/fMAW:—/fWM,
D D
by Corollary 13.4.)

13.1 Line Integrals

We define a parameterized smooth curve in R™ to be a smooth map +: [a, b] —
R™ which maps some interval [a, b] into R™.

Definition Let n be a continuous 1-form on some open set D in R", given
by
n= f1d$1+f2dl‘2++fndl‘n

for some continuous real-valued functions fi, fa,... f, on D. Let ~:[a,b] —
R™ be a parameterized smooth curve in D. let 7,7, ...,7, be the compo-
nents of the map 7 (so that

Y(t) = (1(t), 72(t), - .. m(t))

for all t € [a,b]). We define the line integral of n along the curve ~ by

/n=/ Y
v [a,b]

for all 1-forms 7 defined over some open set containing the image of the
curve .

An important property of line integrals is their invariance under smooth
reparameterizations of the curves along which the line integral is taken. Sup-
pose that a:[a,b] — R"™ and §:[c,d] — R™ are smooth curves in R. We
say that the curve (8 is a smooth reparameterization of the curve « if and
only if 8 = a o p for some smooth increasing function p: [¢,d] — [a, b], where

p(c) = a, p(d) = b.

Observe that
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Lemma 13.5 Let n a continuous 1-form defined on some open set D in R™
and let a:[a,b] — D and B:[c,d] — D be smooth curves in D. Suppose that
B is a smooth reparameterization of the curve .. Then

o1

n = fidry + fodxo + -+ fodz,

Proof Let n be given by

for some continuous real-valued functions f1, fs, ... f, on D. Now 8 = «aop for
some smooth increasing function p: [c,d] — [a, b], where p(c) = a, p(d) = b.
Thus

/ﬂ n = g / B

n d

= > [ st
n_oeb

- Z/ fila(u)d(u) du

:/a"

(where we have used the Chain Rule for functions of one variable, together
with the rule for integration by substitution) |}

The sign of the line integral of a 1-form 7 along a curve v depends on the
direction in which the curve 7 is traversed. Indeed suppose that a: [a, b] — R"
and f: [c, d] — R™ are parameterized smooth curves in R", where 5 = aop for
some smooth decreasing function p: [c, d] — [a,b] with p(c) = b and p(d) = a.

Then
o[
B «

Thus if we change the direction in which the curve is traversed then this
changes the sign of the line integral of any 1-form along that curve.

Example Let 1 be the smooth 1-form on R?\ {(0,0)} defined by

$2+y2 Y x2+y2

n= dz.
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We integrate n around the unit circle in R? traversed in the anticlockwise
direction. Thus let the parameterization of the unit circle be given by
v: 10, 27] — R?, where

~(t) = (cost,sint).

2m 21
/77 = / (:oszfd@l][1 ) dt — / sintM dt
. 0 dt 0 dt

2m
= / (cos®t +sin*t) dt = 2m.
0

Then

Example Let 1 be the 1-form on R? defined by
n=2dy + zydr — xdz.

Let 7:]0,1] — R?® be the parameterized smooth curve defined by ~(t) =
(t,t%,t3). Then

2 3
/ /(t2 () t33z—tdgt)) dt = 0.

Lemma 13.6 Let D be an open set in R™ and let v:[a,b] — D be a smooth
curve in D. Let f: D — R be a continuously differentiable real-valued func-
tion on D. Then

L af = f(v) - f(w),

where u and v are the endpoints of the curve 7, given by u = y(a) and

v =(b).
Proof The 1-form df if defined by

df = Z dx,

Thus if we write v(¢) = (71(t), %2(), ..., 7 (t)) for all t € |a, b] then

/ i = Z / (9361 d%(t)d

dt
df ((1))
/a 1 g

= f(v(b) = f(7(a)),
by the Chain Rule, as required. |

t

x="(t
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Let D be an open set in R". A curve 7: [a,b] — D is said to be closed if
and only if y(b) = v(a). We conclude immediately from Lemma 13.6 that if
f: D — R is continuously differentiable then

Jar=o

for all smooth closed curves v in D.

Example Let D be the open set in R? defined by D = R?\ {0,0} (i.e., D is
obtained from R? by removing the origin). Let  be the 1-form on D defined
by

x Y

- dy—
x2+y2 Y $2+y2

0 x 0 Y
dn = — |——VdeAndy+ —|—2—)dend
K Ox (fv2+y2) o y+3y <x2+y2) rAG

B y2 — p2 72 — y2
o 2 —|—y2 72 +y2
= 0.

n dx.

Then

) dz N\ dy

However if v: [0, 27] — D is the closed curve in D given by v(t) = (cost, sint)
(so that the curve v winds once around to origin in the anticlockwise direc-

tion) then
/ n = 2.
2l

We conclude that there cannot exist a smooth function f: D — R on D with
the property that df = n, since the integral of n around the smooth closed
curve v is non-zero. Thus the conclusions of the Poincaré Lemma do not
apply on the domain D defined above (i.e., there exists a differential form 7
on D which satisfies dn = 0 but which is not of the form df for any smooth
function f defined over the whole of the domain D). Note that the domain D
is not star-shaped.

We can also integrate 1-forms along piecewise-smooth curves in R". A
continuous curve v: [a,b] — R" is said to be piecewise-smooth if and only if
there exists a partition {¢g,t1,...,¢.} of the interval [a, b], where

a=1ty <t <---<t,_1<t,=0b,
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such that v is smooth on [t;_q,¢;] for j = 1,2,...,r. If n is a continuous
1-form defined along the piecewise-smooth curve v then we define

/ n=>y_ / 7
v j=1 Jti—1:t5]

(where v|[t;j_1,t;]: [t;—1, t;] = R™ is the restriction of the curve 7 to the closed
interval [tj—la tj])

13.2 Surface Integrals

We have seen how to integrate 1-forms along smooth curves. Similarly we can
integrate 2-forms over oriented smooth surface. First we define the concept
of a smooth surface.

Definition Let S be a subset of R™. Then S is said to be a smooth surface
(without boundary) in R™ if and only if, for each point p of S there exists an
open set U in R™ containing p and a smooth curvilinear coordinate system
(P1, P2y - - -, Pn) defined on U such that

SNU={xeU:@i(x)=0fori=3,...,n}.

Definition Let S be a smooth surface in R™ and let (p1, Po,...,$,) be a
smooth curvilinear coordinate system defined over some open set U in R™.
We say that this coordinate system is adapted to the surface S if and only if

SNU={xeU:¢(x)=0fori=3,...,n}.

Example Let r, § and ¢ be spherical polar coordinates defined over some
suitable open set U in R3. Thus if (z,y, z) are the standard Cartesian coor-
dinates on R? then

x = rsinf cos p, y = rsinfsin g, 2z =rcosf

at each point of the open set U. We see that, for each positive number R, the
curvilinear coordinate system (6, p,r) is adapted to the sphere of radius R
about the origin, where this sphere is defined to be the set

{(‘Tuyaz) €R321’2—|—y2+22:R2‘

Example Let p, ¢ and z be cylindrical polar coordinates defined over some
suitable open set U in R3. Thus if (z,y, z) are the standard Cartesian coor-
dinates on R3 then

T = pcosy, Yy = psin .
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at each point of the open set U. We see that, for each positive number R the
curvilinear coordinate system (¢, z, ) is adapted to the cylinder of radius R
about the z-axis, where this cylinder is defined to be the set

{(z,y,2) € R®: 2% + y* = R*}.

Definition Let S be a smooth surface in R”, and let V' be a subset of S.
Let U be an open set in R" which contains V' and let (@1, @o,..., @), be
a smooth curvilinear coordinate system for R" which is defined over U and
which is adapted to the surface S. Let ¢;:V — R and ¢y: V' — R be the
restrictions of ¢ and @y respectively to V. Then we say that (¢1, ) is a
smooth coordinate system for the surface S defined over the set V.

Example Let S? denote the unit sphere in R? defined by
S = {(w,9,2) € R 10?4y 422 = 1},

Let r, 8 and ¢ be spherical polar coordinates defined over some suitable open
set U in R3. Then (6, ) is a smooth coordinate system for the sphere S?
defined over S?NU.

Example Let Z be the cylinder in R? defined by
S? ={(z,y,2) e R® . 2* +¢y* = 1}.

Let p, ¢ and z be cylindrical polar coordinates defined over some suitable

open set U in R3. Then (y, z) is a smooth coordinate system for the cylin-
der Z defined over Z N U.

We now discuss the concept of orientation for a smooth surface .S in R™.

Definition Let S be a smooth surface in R", let V' be a subset of S and let
(1, 92) and (¢, 19) be smooth coordinate systems for the surface S which
are defined over V. We say that these two coordinate systems induce the
same orientation on V' if and only if

Or Oy
04,01 8(,02

0
vy O |
01 Opo

at all points of V.

146



Definition Let S be a smooth surface in R" and let A be a collection of
smooth coordinate systems, each defined over some suitable subset of S
known as the domain of that coordinate system. The collection A of co-
ordinate systems is said to be an oriented atlas if and only if the following
conditions are satisfied:

i) every point of S belongs to the domain of at least one of the smooth
y g
coordinate systems in the collection A,

(ii) if (¢1, ¢2) and (11, 1) are smooth coordinate systems for the surface S
which belong to the collection A and if U and V are the domains of
these coordinate systems, then the coordinate systems (¢1,¢2) and
(11, 19) induce the same orientation on U NV,

The surface S is said to be orientable if and only if there exists an oriented
atlas for S. Such an oriented atlas is said to define an orientation on the
surface S. If such an orientation has been chosen for the surface S then we
say that S is oriented.

Definition Let S be an oriented surface and let A be an oriented atlas
for S which induces the chosen orientation on S. Let (¢1,p2) be a smooth
coordinate system for the surface S which is defined over some subset U of S.
The coordinate system (1, p2) is said to be positively oriented if and only if
the following condition is satisfied:

if (¢1,15) is a smooth coordinate system with domain D which
belongs to the atlas A, then

o Oy
dp1 Oy
>0
U
&pl 0@02

at all points of U N D.

Similarly the coordinate system (1, p2) is said to be negatively oriented if
and only if the following condition is satisfied:

if (¢1,15) is a smooth coordinate system with domain D which
belongs to the atlas A, then

o Oy
6g01 6g02

0
01 Opo

at all points of U N D.
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We observe that if (o1, p2) and (11, 1) are positively oriented coordinate
systems for some oriented surface S defined over some subset V' of S then

My
01 Opo

0
Dy D |
01 Opo

at all points of V.

Remark Let S be a smooth surface in R™. Suppose that it is possible
to find a smooth curvilinear coordinate system (¢1,p2) for the surface S
which is defined over the whole of the surface S. Then one can specify an
orientation on the surface S simply by stating whether this coordinate system
on S is positively oriented or negatively oriented with respect to the chosen
orientation on S.

Example Let S? be the 2-sphere in R3 defined by
S ={(x,y,2) ER®:2® + > + 2* = 1}.

Then we can specify an orientation on S? by requiring that the coordinate
system (6, ) on S? be positively oriented, where

x = sin 6 cos o, y = sin#sin ¢, 2z = cosf.

Let S be an oriented surface in R™ and let V' be a subset of S. Sup-
pose that there exists a positively oriented coordinate system (1, @) for the
surface S defined over V. Let us define the subset W of R? by

W = {(&n) € R?: £ = p1(p) and 1 = ps(p) for some p € V}.

We let a: W — V' be the smooth map which expresses the standard Cartesian
coordinates (z1, g, ...,x,) at a point of V' in terms of ¢; and . Thus

xi:ai(§01;§02> (i:1727"'7n>7

where a;: W — R is the ith component of the map «. One can readily verify
that the map a: W — V has the following properties:

(i) the subset W of the plane R? is mapped homeomorphically onto V' by
the map « (i.e., a: W — V is a bijection and both a: W — V and
a™1:V — W are continuous).
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(ii) the Jacobian matrix of the map a: W — R” has rank 2 at each point
of W.

We refer to a map a:W — V which arises from some coordinate system
(1, p2) for the surface S in the manner described above as a local parame-
terization of the surface.

Now let us suppose that the domain W of the local parameterization
a:W — V is Jordan-measurable. Then we define

/w:/ a*w.
v w

for each continuous 2-form defined over some open set which contains V. We
now show that the value of this integral is well-defined independently of the
choice of the positively oriented smooth coordinate system (1, ps2) chosen
on V.

Suppose that (@1, ¢2) and (11, 17) are smooth positively oriented coordi-
nate systems for the oriented surface S defined over the subset V' of S. We
define

W = {(&n) €R?: €= (p) and 1 = wy(p) for some p € V},

W = {(&n) e R*: & =¢(p) and n = y(p) for some p € V}.

We let a:W — V and 8:W — V be the local parameterizations of the
surface defined such that

xi:a/i(gplv(p?) :6i(¢1a¢2) (i:1727""n)7

where a; and f3; denote the ith components of the maps o and 3 respectively.
There exists a diffeomorphism p: W — W characterized by the property that

(¥1(p), ¥2(P)) = p(w1(P, 2(P)

for all p € V. This diffeomorphism p: W — W is orientation preserving (since
the positively oriented coordinate systems (¢1, p2) and (11, 1) determine the
same orientation on V). It follows from the definitions of «, 5 and p that
a = 3 o p. Therefore

/W oo [ g - /W B

by Theorem 13.2. This shows that the value of the integral fvw is well-
defined independently of the choice of the positively oriented smooth coor-
dinate system (1, o) chosen on V', as required.
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The discussion above explains how to calculate the integral of a 2-form
over a portion V' of some oriented smooth surface S in R", provided that
the region V' is contained within the domain of some smooth coordinate
system for the surface S and provided that V' corresponds by means of this
coordinate system to a closed bounded Jordan-measurable subset of R2.

Now suppose that V' is some portion of an oriented smooth surface S,
where the region V' is a closed bounded set contained in S which is bounded
by piecewise-smooth curves lying in the surface S. It may not be possible
to find a smooth coordinate system defined over the whole of V. However
if V is a closed bounded set then one can decompose V into subregions
Vi, Vo, ..., V., where each of these subregions of the surface S is bounded
by a piecewise smooth curve in S and is contained in the domain of some
positively oriented smooth coordinate system S. The intersection of any pair
of these subregions V1, V5, ..., V, should be contained within the boundary of
these subregions. Let w be a continuous 2-form defined on V. The integral
of the 2-form w over each of the regions Vi, Vs, ... V. can be defined as
described above, since each of these regions is contained within the domain
of some smooth coordinate system on the surface S. Therefore we define

/v“:

It is not difficult to show that the value of this integral is independent of the
fashion in which we divide up the region V' into the subregions Vi, Vs, ..., V.

T

>

J=1

Example Let S be a smooth surface in R? of the form
S ={(z,y,2) e R®: z = 2® + *}.

We let (u,v) be the coordinate system on S defined by uw = x and v = y. We
choose the orientation on S such that (u, v) is a positively oriented coordinate
system on S. The coordinate system (u,v) defines a local parameterization
a:R? = R3, where

r = aq(u,v), y = as(u,v), z = asz(u,v).

Thus
a(u,v) = u, as(u,v) = v, as(u,v) = u® + 2.

Let w be the 2-form on R? defined by

w=xdyNdz+ydz Ndxr + zdx A dy,
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and let V' be the region of the surface S defined by

V ={(z,y,2) € S:2*+y* < 1}.

/w:/ a*w,
v W

where W = {(u,v) € R?* : v? + v* < 1}. Now

Then

7w = wdv Adu? +0?) Fvdu? +0?) Adu+ (¥4 0*) du A do
= (=2u* - 20" + v +v*) du Adv = —(u® +v?) du A dv

1
/w:—/(u2+v2)dudv:—27r/ dep:—z.
v W 0 2

Example Let Z be the cylinder in R? defined by

Therefore

Z={(z,y,2) eR*: 2’ +y* =1, —-1<z<1}.

We choose the orientation on Z such that (p,z) is a positively oriented
coordinate system on Z, where (z,y,2) = (cosp,sing, z). Let W be the
subset of R? defined by

W={¢neR*:0<n<2mr, —-1<n<1}
and let a: W — Z be the parameterization of Z defined by
a(§n) = (cos&,sing, ).
Let w be the 2-form on R? defined by

w=22rdy Adz = 22y dz A dz.

Then
a'w = nPcos€d(siné) Adn—n?sinéd(cosé) Adn
= n*(cos? £dE A dn + sin’ £dE A dn)
= n"dg Adn,
and hence

1 2 4
/w:/a*w:/ / 772d§d77:—7r.
Z w n=—1J£=0 3
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13.3 Smooth Surfaces in R?

Let Z be a smooth surface in R®. Given any smooth coordinate system (£, )

for the surface Z let us define

00 o:
23 an
oo o | o |
o | o¢ |’ on | On
0: 0:
73 on
The vector product
o on
¢ on

is normal to the surface Z.

Lemma 13.7 Let Z be a smooth surface in R, and let (£,1) and (o,7) be
smooth coordinate systems for the surface Z defined over some subset V' of Z.

do
on
or
on

Then 9

o€
or

o¢

or or

T
at each point of V.

Proof Using the fact that

or
¢
or
on

or 0o

or 0o

we see that

o (i o
¢ On do 0§ Ot O&

(0o dT 0700

_(E%_%%
do
¢
or

o¢

do
on
or
on

or

as required. |}
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o on
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do

or Or

o0 or

or Ot
or o¢’
or 01
o on’

or Ot " @8_a+
0o On

Lor
or

or

90 o7’

ov o
ot On
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Suppose that the surface Z is orientable. Let us choose an orientation
on Z. Then this orientation determines a smooth normal vector field n on Z.
Indeed suppose that (£, 7) is a positively oriented smooth coordinate system
for the surface Z. Then the vector product

or " or

9§ 0On
is normal to the surface Z. We define the unit normal vector field n to be
the unit vector field on Z characterized by the property that

or Or or Or

9" on ~ |og " o

n

on the domain of the coordinate system (£, 7). It follows from Lemma 13.7
that if (£,n) and (o,7) are positively oriented coordinate systems for the
surface Z then the directions of the unit normal vector field n determined
by these coordinate systems will be consistent, since

do 0o
o On
or or |~ Y
o0& On

at each point of the surface Z that belongs to the domain of both of these
coordinate systems. Thus we conclude that if the surface Z is oriented then
the orientation determines a smooth unit normal vector field n: Z — R? over
the whole of Z. Conversely if such a smooth normal vector field n can be
defined over the whole of some smooth surface Z then Z is orientable, and
the unit normal vector field n determines an orientation of the surface Z
characterized by the property that a smooth coordinate system (£, n) for the
surface Z is positively oriented if and only if

or " or f
- - = n
0¢ "~ On ’
where f(p) > 0 at each point p of the domain of the coordinate system (&, 7).
Let Z be an oriented smooth surface in R3, where the set Z is a closed

bounded subset of R3. and let n be the unit normal vector field on Z de-
termined by the orientation. Let B be a continuous vector field on Z. The

surface integral
/ B.ndS
z

is evaluated into the following manner:
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(i) divide up the surface Z into regions Vi, Vs, ..., V, such that each of
these regions is in the domain of some positively oriented smooth co-
ordinate system for the surface 7,

(i) choose a positively oriented coordinate system (£,7) on the region V;

and define
or Or
/Vj Bands = [ Blalen).u(e.n (6. (5 x 5 ) dean
where

W = {(u,v) € R® : u = &(p) and v = n(p) for some p € V;}.

(iii) Define
B.ndS = / B.ndS,
fpnis=3

where the integral over the region V; is defined as described above.

One can verify (using the change of variables formula) that the value of
the surface integral is independent of the manner in which the surface Z is
partitioned into the regions Vi, V,, ..., V, and is independent of the choice of
coordinate system chosen on each of these regions.

Remark One can interpret the surface integral

/ B.ndS
z

as the integral of the scalar product B.n with respect to surface area on the
surface Z. The reason for this is that if (£, 7n) is a smooth coordinate system

on the surface Z then
or or
(5¢%¢) = () = om

where 0 A is the area of the paralellogram whose sides are determined by the
vectors
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Lemma 13.8 Let Z be an oriented smooth surface in R3, and let n be the
unit normal vector field on Z determined by the orientation on Z. Let B be
a continuous vector field defined over some open set D in R3 which contains
the surface Z. Let By, By and B3 be the Cartesian components of the vector
field B and let w be the 2-form on D defined by

w=BydyNdz+ Bydz N\ dx + By dx N dy.

/B.ndS:/w.
A A

Proof We may suppose (without loss of generality) that there exists some
coordinate system (&, n) for the surface Z which is defined over the whole of
Z (since otherwise we could subdivide the surface Z into portions possessing
this property and then prove the result for the surface Z by proving it for
each of these portions). Let W be the subset of R? defined by

Then

W = {(u,v) € R* : u = £(p) and v = n(p) for some p € Z}.

and let a: W — Z be the parameterization of the surface Z defined by the
coordinate system (&, 7), so that

(z,y,2) = a(&n)

at each point of the surface Z. Then

a'w = Bi(alé,n)) <%Z%_g_zg_z> de N d
+ Balalen) (G50 — 550 ) dends
+ By(ale, ) (g—gg—g - g—ggi) € A di
= Blaten). (5 5 ) déndn
o 0y 0= _ 020y
o€on 0o

or ov_|0i0r oo
o¢ o ogon 05 on |’
Oxrdy Oyox

o0& 0n  0& On

155



and hence

/ZB.ndS = /WB(a(g,n)). (a_g x a_n> dédn
I,

as required.  Jj

14 Stokes’ Theorem for Differential Forms

We shall prove a generalization of Stokes’ Theorem which applies to the
integrals of smooth differential forms over submanifolds of R". We first define
the concept of a k-dimensional smooth submanifold of R™, and explain how
to defined the integral of a continuous k-form over an oriented k-dimensional
submanifold of R®. We shall then state the Generalized Stokes’ Theorem
(Theorem 14.1) and deduce a number of classical theorems of vector calculus
that follow from this theorem. We conclude this section with a discussion of
the proof of the Generalized Stokes’ Theorem.

14.1 Submanifolds of R"

Definition Let M be a subset of R", and let k£ be an integer between 1
and n. We say that M is a smooth k-dimensional submanifold of R™ without
boundary if and only if the following condition is satisfied:

if p is a point of M then there exists a smooth curvilinear co-

ordinate system (@1, @2, ..., @,) defined over an open neighbour-
hood U of p in R” such that

MNU={xeU:pj(x)=0for j=k+1,...,n}.

Observe that a smooth 1-dimensional submanifold of R™ is a smooth
curve in R", and a smooth 2-dimensional submanifold is a smooth surface
in R”. Thus, for any integer k between 1 and n, a k-dimensional smooth
submanifold of R™ is the k-dimensional analogue of a smooth surface in R".

Definition Let M be a smooth k-dimensional submanifold of R” without
boundary, and let (@1, @o,...,$,) be a smooth curvilinear coordinate sys-
tem defined over an open neighbourhood U of p in R®. We say that this
coordinate system is adapted to the submanifold S if and only if

MNU={xeU:¢jx)=0for j=k+1,...,n}.
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We now define the concept of a submanifold of R™ with boundary.

Definition Let M be a subset of R"™ and let OM be a subset of M. Let k
be an integer between 1 and n. We say that M is a smooth k-dimensional
submanifold of R™ with boundary OM if and only if the following conditions
are satisfied:

(i) the boundary OM of M is a smooth (k — 1)-dimensional submanifold
of R™ without boundary,

(i) if p is a point of M then there exists a smooth curvilinear coordinate
system (@1, Pa, - .., Pn) defined over an open neighbourhood U of p
in R” such that

MNU={xeU:¢i(x)<0and ¢;(x)=0for j=k+1,...,n}
and

OMNU={xeU:¢(x)=0and @;(x)=0for j=k+1,...,n}

Definition Let M be a smooth submanifold of R™ of dimension & with
boundary OM, and let (1, P, ..., P,) be a smooth curvilinear coordinate
system defined over an open neighbourhood U of p in R". We say that this
coordinate system is adapted to the submanifold S if and only if

MNU={xeU:¢i(x)<0and ¢;(x) =0for j=k+1,...,n}
and
OMNU={xeU:¢(x)=0and p;(x) =0for j=k+1,...,n}

Definition Let M be a smooth k-dimensional submanifold in R™ (with or
without boundary), and let V' be a subset of M. Let U be an open set in R"
which contains V and let (@1, @o, ..., $n), be a smooth curvilinear coordinate
system for R™ which is defined over U which is adapted to the submanifold M.
Let 1, 9, ..., pr be the restrictions of ¢1, @9, ..., Yk to V. Then we say that
(01,92, - - -, k) 1S a smooth coordinate system for the submanifold M defined
over the set V.

A subset S of R" is said to be compact if and only if every open cover of
the set S has a finite subcover. A well-known theorem states that a subset S
of R™ is compact if and only if the set S is closed and bounded. If M is a
compact submanifold of R™ then one can find a finite collection of coordinate
systems for the submanifold M such that every point of M belongs to the
domain of at least one of these coordinate systems.

We now discuss the concept of orientation for a smooth submanifold M
in R™.
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Definition Let M be a smooth submanifold in R™ of dimension k (with
or without boundary), let V' be a subset of M and let (p1,...,¢x) and
(¢1,...,%x) be smooth coordinate systems for the submanifold M which are
defined over V. We say that these two coordinate systems induce the same
orientation on V if and only if

Op1  Opy o Oy,
dp1 O T Oy | >0

Op1  Opsy Opy,

at all points of V.

Definition Let M be a smooth submanifold in R™ of dimension k& (with or
without boundary) and let A be a collection of smooth coordinate systems,
each defined over some suitable subset of M known as the domain of that
coordinate system. The collection A of coordinate systems is said to be an
oritented atlas if and only if the following conditions are satisfied:

i) every point of M belongs to the domain of at least one of the smooth
y g
coordinate systems in the collection A,

(ii) if (@1,..., k) and (1, ..., 1) are smooth coordinate systems for the
submanifold M which belong to the collection A and if U and V are
the domains of these coordinate systems, then the coordinate systems
(p1,..., k) and (¢1,...,1) induce the same orientation on U NV

The submanifold M is said to be orientable if and only if there exists an
oriented atlas for M. Such an oriented atlas is said to define an orienta-
tion on the submanifold M. If such an orientation has been chosen for the
submanifold M then we say that M is oriented.

Definition Let M be an oriented submanifold of R™ of dimension & (with or
without boundary) and let A be an oriented atlas for M which induces the

chosen orientation on M. Let (¢1,...,¢x) be a smooth coordinate system
for the submanifold M which is defined over some subset U of M. The
coordinate system (1, ..., ) is said to be positively oriented if and only if

the following condition is satisfied:
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if (¢1,...,%¢) is a smooth coordinate system with domain D
which belongs to the atlas A, then

oY1 Oy Oy

dpr Opy T O
dp1 Dpa 7 Qg | >0

dp1 O0ps 0oy

at all points of U N D.

Similarly the coordinate system (¢1, ..., px) is said to be negatively oriented
if and only if the following condition is satisfied:

if (¢1,...,%x) is a smooth coordinate system with domain D
which belongs to the atlas A, then

dp1 Opy — Oyy
Op1 Opy Oy | <0
Db Ov O
Op1 dpa Oy

at all points of U N D.

We observe that if (¢1,...,¢x) and (61,...,0x) are positively oriented
coordinate systems for some oriented submanifold M defined over some sub-
set V of M then

00, 00, 20,
o e
00, 0, 90,
o1 Dps T By | >0
00, 00, 00,
e

at all points of V.

Let M be a smooth orientable submanifold of R™ of dimension k& with
boundary OM. If we choose an orientation of M then this induces an ori-
entation of the boundary OM of M. Suppose that p is a point of OM.

159



Let (1, %2, ..., ¢r) be a smooth coordinate system for the submanifold M,
defined over some neighbourhood V' of p in M which has the following prop-
erties:

(i) the coordinate system (p1, @9, ..., @) is positively oriented (with re-
spect to the chosen orientation on the submanifold M).

(ii) ¢1 <0onV,
(i) IM NV ={p € V : o1 (p) = 0},

(It follows from the definition of a submanifold M of R™ with boundary oM
that there exists such a coordinate system defined around any point of the
boundary OM of M). Then the restriction of (ps,...,¢x) to IM NV de-
fines a coordinate system for OM defined over OM N V. The induced ori-
entation on OM 1is characterized by the property that the coordinate sys-
tem (g,...,¢x) for OM is positively oriented for each coordinate system
(o1, 92, ..., ¢x) for M satisfying the three properties listed above.

We now describe how to integrate a continuous k-form over an oriented
k-dimensional submanifold M of R™ (with or without boundary). The defi-
nition of the integral is completely analogous to the definition of the integral
of a continuous 2-form over a smooth surface.

Let M be an oriented submanifold in R™ and let V' be a subset of M.
Suppose that there exists a positively oriented coordinate system (1, . . ., @)
for the submanifold M defined over V. Let us define the subset W of R¥ by

W={ucR":u=(o(p),...,pox(p)) for some p € V}.

We let a: W — V be the smooth map which expresses the standard Cartesian
coordinates (z1, g, ...,x,) at a point of V' in terms of ¢1, ..., ¢x. Thus

;= (@1, -, Ok) (1=1,2,...,n),

where o;: W — R is the ith component of the map a. One can readily verify
that the map a: W — V has the following properties:

(i) the subset W of R¥ is mapped homeomorphically onto V by the map «
(i.e., a: W — V is a bijection and both a: W — V and a:V — W
are continuous).

(ii) the Jacobian matrix of the map a: W — R™ has rank k at each point
of W.
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We refer to a map a:W — V which arises from some coordinate system
(o1, ..., @) for the submanifold M in the manner described above as a local
parameterization of the submanifold.

Now let us suppose that the domain W of the local parameterization
a:W — V is Jordan-measurable. Then we define

/w:/ afw.
v 0%

for each continuous k-form defined over some open set which contains V.
We now show that the value of this integral is well-defined independently of
the choice of the positively oriented smooth coordinate system (o1, ..., @)
chosen on V.

Suppose that (¢1,...,¢x) and (11, ..., 1) are smooth positively oriented
coordinate systems for the oriented submanifold M defined over the subset V'
of M. We define

W = {ueR':u=(o(p),...,o(p)) for some p € V},

W = {ueR':u= (¥ (p),...,Y(p)) for some p € V}.

We let W — V and 8:W — V be the local parameterizations of the
submanifold defined such that

fz’:061'(901;---79%):6i<¢17-"7¢k> (i:1727"'7n)7

where a; and f3; denote the ith components of the maps « and 3 respectively.
There exists a diffeomorphism p: W — W characterized by the property that

(1(P), -, Yr(p)) = p(o1(P; - - -, wr(P)

for all p € V. This diffeomorphism p: W — TV is orientation preserving (since
the positively oriented coordinate systems (@1, ..., px) and (11, ..., 1) de-
termine the same orientation on V). It follows from the definitions of «, 3
and p that a = o p. Therefore

[ o= [ [

by Theorem 13.2. This shows that the value of the integral fvw is well-
defined independently of the choice of the positively oriented smooth coor-
dinate system (1, ..., ) chosen on V', as required.

The discussion above explains how to calculate the integral of a k-form
over a portion V' of some oriented smooth submanifold M in R", provided
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that the region V' is contained within the domain of some smooth coordinate
system for the submanifold M and provided that V' corresponds by means of
this coordinate system to a closed bounded Jordan-measurable subset of R*.

If M is a compact oriented smooth submanifold of R¥ (with or without
boundary) then it is possible to partition M into regions Vi, Vs, ..., Vi, where
each region V; is a closed bounded set which belongs to the domain of some
smooth coordinate system for the submanifold M and which corresponds by
means of that coordinate system to a closed bounded Jordan-measurable set
in R*. Let w be a continuous k-form defined on M. The integral of the

k-form w over each of the regions Vi, V5, ..., V, can be defined as described
above. We define

It is not difficult to show that the value of this integral is independent of the
fashion in which we divide up the region V' into the subregions Vi, Vs, ..., V,.

14.2 The Generalized Stokes’ Theorem

We now state a generalization of Stokes” Theorem which applies to integrals
of smooth differential forms over smooth submanifolds of R".

We recall that if M as a smooth submanifold of R™ with boundary oM
then any orientation of M induces a corresponding orientation of the bound-
ary OM of M. This orientation on OM is known as the induced orientation
on OM.

Theorem 14.1 (The Generalized Stokes’ Theorem) Let M be a compact
smooth oriented k-dimensional submanifold of R™ with boundary OM. Then

/dw:/ w
M oM

for every smooth (k — 1)-form w on M, where the integral over OM is taken
with respect to the induced orientation on OM.

We shall present a proof of this theorem below. First however we show
that a number of well-known theorems of vector calculus can be deduced as
corollaries of this result.

The first of these Corollaries is Green’s Theorem in the Plane. Let D
be a region on the plane R? which is bounded by smooth closed curves
Y1572, - -, Y- Then there is an induced orientation (i.e., direction of travel)
on these boundary curves characterized by the property that the region D
lies to ones left as one traverses each of these boundary curves.
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Theorem 14.2 (Green’s Theorem in the Plane) Let D be a closed bounded
region on the plane R? which is bounded by smooth curves vi,7a, ..., Vr. Let
P and Q) be smooth functions on D. Then

- B oQ P
;/le(de—l—Qdy)—/l)(%—a—y) dzx dy,

where the orientation of the closed curves vi,%s, ..., s the induced orien-
tation described above.

Proof This result follows from Theorem 14.1 in the particular case when
M=D,0M =~U---U%,, and w = Pdzx + Q dy, so that

dw:(a—Q—é—P) de Ndy. |}
Y

The next corollary is Gauss’ Theorem (also known as the Divergence
Theorem).

Theorem 14.3 (Gauss’ Theorem) Let V be a closed bounded region in R3
which is bounded by some smooth surface 3. Let n be the unit normal vector
field on 3 directed outwards (i.e., directed away from the region V). Let B
be a smooth vector field on V. Then

/dide:pdde:/B.ndS.
v

2

Proof Let B;, B; and B3 be the Cartesian components of the vector field B.
Let w be the smooth vector field on V' defined by

w=BydyNdz+ Bydz \Ndx + Bsdx N\ dy

(where (z,vy, z) are the standard Cartesian coordinates on R*. Then

/B.ndS:/w.
) b

by Lemma 13.8, where the orientation on . is the orientation induced on the
boundary ¥ of the region V' by the standard orientation of V. Also

dw = divBdx Ady N dz,

/dw:/diVdedydz.
v 1%

We conclude from Theorem 14.1 that
/ divBdrdydz = / B.nds. |}
1% 5

hence
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We now show how the classical form of Stokes” Theorem can be deduced
from Theorem 14.1. Let Z be an oriented smooth surface in R® bounded
by smooth closed curves vi,7s,...,%.. The orientation on the surface 7
determines a unit normal vector field n on Z (see Section 13). The orientation
on Z induces an orientation on the boundary 07 of Z. Moreover

/Mn:;/wn,

for all continuous 1-forms 7 on the boundary of Z, where each of the curves
V1,72 - ..,V is traversed in the direction determined by the induced orienta-
tion on the boundary of Z. This direction may be described as follows: if p
is a point which lies on the curve v;, if T is a vector tangential to the curve ;
at p in the direction in which this curve is traversed, if U is a vector directed
into the surface Z at p, and if n is the unit normal vector to the surface Z
determined by the orientation on Z, then (T, U, n) is a positively oriented
basis of R®. Let B be a vector field on Z whose Cartesian components are
(B1, B2, Bs). We denote the line integral

/ Bldl’—f—BQdy—f—BgdZ

Vi

by 7{ B.dr.
o

J

Theorem 14.4 (Stokes’ Theorem) Let Z be a smooth oriented surface in R3
bounded by smooth curves vi,7%s, ..., and let n be the normal vector field
on Z determined by the orientation of Z. Then

/(curlB).ndS = 27{ B.dr
Z j=1 Vi

for all smooth vector fields B on the surface Z, where the boundary curves
Y1,Y2 - -+, Ve are traversed in the direction determined by the orientation in-
duced on the boundary of Z by the orientation of Z.

Proof Consider the smooth 1-form 1 on Z defined by
n = Bld$+BQdy+BgdZ,
where (Bj, By, Bs) are the Cartesian components of the vector field B. Then

@_% dy A dz + %—% dz N\ dx
ox 0z



It follows from Lemma 13.8 that

/dn:/(curlB).ndS,
z z

where
CurlB = 832 _ aBS aB?’ o aBl 8B1 B 032
0z ay ’ ox 0z ’ ay Oz .

Thus

/(curlB).ndS = dn = n

Z Z 8z

= Z B.dr,
=17

by Theorem 14.1. |}

14.3 The Proof of the Generalized Stokes’ Theorem

The material in the remainder of this section of the course is NON-
EXAMINABLE. We give a proof of the Generalized Stokes’ The-
orem below, after first describing a number of concepts and results
that we use in the proof of this theorem.

Definition Let f: D — R be a continuous function defined over some sub-
set D of R™. The support of the function f is defined to be the closure (in
R™) of the set

{xeD: f(x)#0}.

We see from this definition that the support supp f of the function f is the
smallest closed set with the property that the function f vanishes throughout
the complement of this set. We can generalize this definition to differential
forms: if w is a continuous differential form defined over some subset D of R"
then the support suppw of the differential form w is the smallest closed set
in R™ with the property that w vanishes throughout the complement of this
set.

Definition Let w be a continuous differential form on R"™. Then w is said
to have bounded support if and only if there exists some R > 0 with the
property that w vanishes throughout the set

{x e R": x| > R}.
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We see from these definitions that a differential form on R™ has bounded
support if and only if the support of the differential form is a bounded set in
R™. If 7 is a continuous n-form on R™ then the integral [pn 7 is well-defined,
since 7 vanishes outside some bounded set. Similarly the integral [ g s
well-defined, where H is any half-space in R"™.

Lemma 14.5 Let H be the half-space in R™ defined by
H = {(z1,29,...,2,) € R" : 21 <0},
and let OH be the boundary of H, given by
OH = {(z1,x9,...,2,) € R" : 21 = 0},

Let OH be oriented so that (xa, 3, ..., x,) is a positively oriented coordinate
system on OH. Let w be a continuously differentiable (n — 1)-form with
bounded support on H. Then

/dw:/ w.
H OH

Proof Let 01,09,...,0, be the n — 1-forms on H defined by

or = dxy NdrsA--- Ndx,
o9 = —dxi ANdxsAN--- Ndx,
o, = (=1)"dxy Adws A--- Adzy,.

(Thus o; = (=1)"'dey A -+ Adziy Adxggg A+ Adxy, for i =1,2,... . n.)
Note that dx; A o; = 0 if j # ¢ and that

dLU@/\O'l:dﬂfl/\dflfg/\/\dI‘n

for i = 1,2,...,n. If wis a continuously differentiable (n — 1)-form on H

then we can write
n
W= E figia
i=1

where fi, fo, ..., f, are continuously differentiable functions on H. But then

—~ < If; — Of;
dwzzzgjd%/\ai:dedwi/\dmg/\-n/\dmn.
i=1 j=1 i=1 "
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Therefore

/ dw:/ Of; dridzs ..., dz,.
H H dx;

i=1
However there exists some R > 0 with the property that f(x) = 0 whenever
x € H satisfies x| > R. It follows from this that

if 2+ # 1 and that

o) [e) 0 )
/%dxld@...,dxn = / / / afzd:vl drodxs . .., dz,
u dr - - —oo A1

— / / fl(o,xg,...,l‘n)dl’gdl'g...,dﬁn
= fio1
O0H

Moreover

/ W = f1017
OH OH

since t*0; = 0 on OH whenever ¢ # 1, where i: 0H — H is the inclusion map.
If we combine these results we see that

/dw:/ w,
H oH

In the proof of Theorem 14.1 we shall make use of the following result,
which we state without proof.

as required. |}

Theorem 14.6 Let M be a compact smooth submanifold of R™ (with or with-
out boundary). Then there exist smooth real-valued functions fi, fa, ..., fr
defined over R™ such that

i+ fot--+fi=1

and such that the support of each function f; is contained within the domain
of some smooth curvilinear coordinate system adapted to the submanifold M .
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We can now prove the Generalized Stokes” Theorem for differential forms.

Proof of Theorem 14.1. In order to prove Stokes” Theorem we consider
first the case when the support of the (k — 1)-form w is contained within
the domain of some smooth curvilinear coordinate system for R™ which is
adapted to the submanifold M. Thus let us suppose that there exists some
open set U in R" and a smooth curvilinear coordinate system

(1/)171/}27 .- 1/Jn)

on U such that the following conditions are satisfied:

(i) MNU ={xeU:¢(x)<0and ¢;(x) =0fori=k+1,...,n} and
OMNU={xeU:y(x)=0and ¢;(x) =0fori=k+1,...,n}.

(i) (1,9, ..., 1) defines a positively-oriented coordinate system on M N
U,

(iii) the support suppw of the (k — 1)-form w is contained in U.

It follows from condition (ii), together with the definition of the induced
orientation on dM, that the restriction of (¢, ..., 1¢x) to IM NU defines a
positively oriented coordinate system on OM NU.

Let a:W — M be the local parameterization of the submanifold M
determined by the coordinate system (11,9, ..., 1), where

W ={ueR:u= (Y1(p),¥Ya2(p), ..., ¥s(p)) for some pe M NU}.

The local parameterization a expresses the standard Cartesian coordinates
(1, T9,...,x,) in terms of (1,19, ..., 1%). Thus

T = a(Y1,, .. k) (i=1,2,...,n)

on M NU (where «; denotes the ith component of the map «). Let H be
the half-space defined by H = {u € R* : u; < 0}. Let (uy,u,...,u;) denote
the standard Cartesian coordinate system on H. Let o be the (k — 1)-form
on H defined such that ¢ = a*w on W and ¢ = 0 on H \ W. Then o is a
smooth (k — 1)-form on H. (This follows from the fact that w is a smooth
(k — 1)-form whose support is contained in U.) Therefore

/dO':/ o
H oH

by Lemma 14.5, where OH is the k— 1 dimensional subspace of R* defined by
OH = {u € R* : u; = 0}, and where OH is oriented so that (ug,us,...,us)
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is a positively oriented coordinate system on OH. But then

/dw = /a*(dw):/ d(a*w):/ do
M W w w
= /dO': o= a*w
H oH OHNW
w

= )
/8M

where we have used the definition of [, dw and [, w together with the fact
that a*(dw) = d(a*w) (see Lemma 9.7). This proves the theorem in the
special case when the support of the (k — 1)-form w is contained within the
domain of some coordinate system on R™ which is adapted to the submani-
fold M.

We now prove the result in the general case. It follows from Theorem 14.6
that there exist smooth functions f1, fo, ..., f. defined over R™ such that

i+ fot-+fi=1

and such that the support of each function f; is contained within the domain
of some smooth curvilinear coordinate system adapted to the submanifold M.
It then follows from the special case proved above that

[t = [ g G=12.0.

Therefore

T

dw = Z/Md(fjw) N ZT;/ijw B /‘9ij

as required. Jj
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