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FOUNDATIONS

1.1 — Locic

There are two truth values: true and false. A statement is a word string (i.e. a
combination of words) that has a truth value deriving from prior knowledge. Thus “Two
plus five is seven” is a statement, but the Vulcan expression “Live long and prosper” is not a
statement. There are gray areas. Is the Klingon expression “Today is a good day to die” a
statement or not? As Obi-Wan would say, “It depends on your point of view.” Fortunately in
our study of calculus such gray areas will not arise.

In mathematics prior knowledge consists of lemmas, theorems, and corollaries. A lemma is
usually a technical result that facilitates the proof of a theorem, whereas a corollary is a result
that follows immediately from a theorem. In these notes a theorem is a relatively important
result, while a less important result is called a proposition. It will be sometimes convenient
to refer to lemmas, theorems, corollaries, and propositions collectively as “theorems” so as to
avoid excessive verbiage.

There is one fundamental problem. Each theorem in mathematics is by definition a true
statement, so its truth must derive from prior knowledge. This prior knowledge we would
reasonably surmise is comprised of one or more other theorems. But these other theorems in turn
must derive their truth from still other theorems, and so on. The problem is one of an “infinite
regress.” In order for mathematics to advance there must be some means of halting this infinitely
regressing chain of theorems, and the solution is simple even if (for many mathematicians)
unsatisfactory: allow the chain of theorems to regress only so far as is necessary in order for the
prior knowledge from which they derive their truth to be credibly declared a “self-evident” truth.
In mathematics self-evident truths and basic assumptions are called axioms or postulates.

Axioms often include undefined terms. For example, in plane geometry one axiom is “A
straight line may be drawn between any two points.” The terms “line” and “point” are undefined.
This is not a serious problem: every instance of the words “line” and “point” could be replaced
by “sillygon” and “shimsong” in the English translation of Euclid’s Elements, and the truth
value of not a single theorem would be affected.

In formal logic statements are often represented by symbols such as P and (). Thus P is
rather akin to a variable such as z in elementary algebra, but whereas z in algebra usually
represents a numerical value, in logic P is regarded as having truth values. In fact it is more



accurate to say that, in formal logic, P is a variable that assumes truth values; but since only
statements have truth values, it is still fine to think of P as standing for a statement.

Two statements P and () are said to be equivalent if they always have the same truth
value; that is, () is true whenever P is true, and () is false whenever P is false. For instance the
statements “0 is less than 1”7 and “1 is greater than 0" are equivalent. The symbol < stands
for “is equivalent to,” so that P < @ is read as “P is equivalent to @).” (We will dispense with
putting quotes around statements that are expressed entirely symbolically.) In mathematics
logically equivalent statements are entirely interchangeable.

The relationﬂ < has a transitive property. If P, P, ..., P, are statements such that
P,< Py foralll1 <i<n-—1,then P, & P,.

Example 1.1. In algebra, the operation of “solving” an equation featuring a variable x is
actually one of establishing a chain of equivalencies that link the original equation to one or
more simpler equations in which the x is isolated. What this accomplishes, of course, is to
determine precisely what value(s) = may assume in order for the original equation to become a
true statement ] Consider the equation 2z — 3 = 7. We have

20 —3=7 & 2x=10 & x=25;

that is, 2z — 3 = 7 is equivalent to x = 5, or in other words 2x — 3 = 7 can only ever be true if
T =9. |

A statement P implies another statement ), written P = @, if @) is true whenever P is
true; that is, if P is known to be true, then it can be concluded that @) is also true. We note
that if P = @ and () = P are both true, then P < () is true; also, if P < (@ is true, then
P = @ and Q = P are both true. The relation = has the same transitive property that <
possesses.

Example 1.2. Let P be the statement z = 3, and ) the statement 2?> = 9. Then clearly P
implies @ (i.e. P = @). But @) does not imply P. We have

Q = 22=9 = Vi2=V9 = |z|=3 = z=43,

where the statement x = +£3 is equivalent to the statement “r = 3 or x = —3,” which certainly
does not necessarily imply that = = 3, which is statement P. We conclude that x = 3 and 22 = 9
are not equivalent statements. In particular if x = —3 then P is false, but since 22 = (—=3)? =9
we see that () is true. [ |

Simple statements can be combined to make more complex statements. For instance, if
P and @) are statements, then “P or ()7 is another statement. And this is important: the
statement “P or ()7 is false only when both P and () are false. Thus if P is the statement “1
is less than 2”7 and () is the statement “1 is equal to 2,” then the statement “P or ),” which
stands for “1 is less than 2 or 1 is equal to 2,” is true by virtue of the fact that P is true (even
though @ is false). Of course, we have notation at hand to write “P or Q7 as 1 < 2.

IThe idea of a mathematical relation is defined more formally in §1.4, but for now it’s enough to say that a
relation is some rule that “relates” objects to one another, such as > relates 9 to 8 in the statement 9 > 8.
2Truth is a really big deal in mathematics.
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Another common compound statement is “P and (Q,” and it’s important to remember that
it is only true if both P and @) are true. If either P is false or () is false, then “P and Q)7 is
false. For instance, “1 is less than 2 and 1 is equal to 2”7 is false.

Many calculus theorems are if-then statements: “If P, then ).” One important thing to
remember about “If P, then )" is that it is only false if P is true and () is false. Curiously, if P
is false then “If P, then )" is true regardless of whether () is true or false. Another important
thing about “If P, then Q)” is that “If not P, then not )7 is an equivalent statement.



1.2 — SET THEORY

A set is a collection of objects. An object in a set is called an element of the set. If S'is a
set and a is an element of S, we write a € S. If a is not an element we write a ¢ S. Two sets A
and B are said to be equal, written A = B, if they contain precisely the same elements. The
empty set, denoted by @ or { }, is the set that contains no elements.

A set is well-defined if, given any object a, it can be determined, without ambiguity,
whether a is an element of S or not.

Example 1.3. If S is said to be the set of whole numbers greater than 3 and less than 9, then
S is well-defined since it is clear that the elements of S must be 4, 5, 6, 7, and 8.

If, on the other hand, S is said to be the set of “astronomically humongous” whole numbers,
then while it would be reasonably clear that, say, 1, 10, and 50 must not be elements of S, it
would not at all be certain that 10,000, 1,000,000, or 50,000,000 are elements. Thus S would
not be well-defined.

If S is said to be the set of “the ten best books ever written,” should we consider it to be
well-defined? |

One common way of defining a set is roster notation, which is a notation which lists some
or all of the set’s elements between braces. Thus, if S is the set of whole numbers greater than
3 and less than 9, we can write

S ={4,5,6,7,8}.

The set of whole numbers from 1 to 100 can be presented in roster notation by
{1,2,3,...,99,100}.

The set of whole numbers greater than or equal to 1 is known as the set of natural numbers
(or counting numbers) and is given the special symbol R. In roster notation we can write

R=1{1,234,...}

Also of great importance is the set of integers, symbol Z, which consists of the whole numbers
and their negatives, and so

Z={.,-3,-2,-1,01,2,3,...}.

The set of rational numbers, symbol Q, consists of all numbers that are expressible as a ratio
of integers. Thus if r is a rational number, then there must exist p, ¢ € Z such that r = p/q,
with the one caveat being that we must have ¢ # 0 (otherwise no number results at all). It is
not practical to present QQ in roster notation since a complete listing of rational numbers cannot
be given which preserves their order. Starting in the middle at 0 as was done for the integers,
the question arises: what is the “next higher” rational number? There is none! Before 1 there is
1/2, before 1/2 there is 1/3, before 1/3 there is 1/4, and so on ad infinitum.
A more robust way of defining sets is with set-builder notation. The general form is

{z:p(x)} or {z|p(x)},

which is read as “the set of all x such that p(z),” with p(z) being some logical statement whose
truth value depends on the value of x. The understanding is that if p(z) is true (truth value 1),
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then x is an element of the set; and if p(z) is false (truth value 0), then x is not an element of
the set. For example we may let p(z) be the statement “x is an integer, and x is greater than 3
and less than 10,” in which case {x : p(x)} may be written as

{z:2x €Z and 3 <z < 10},

which is read as: “The set of all z such that z € Z and 3 < z < 10.” Thus the set consists of
integers that are greater than 3 and less than 10, which is to say

{r:rxe€Zand 3 <z <10} ={4,5,6,7,8,9}.

Returning to the rational numbers, we can write

Q:{g‘p,QGZandq%O}.

In the next section we will define the set R of real numbers, which includes all the rational
numbers.

If all the elements of a set A are also elements of a set B, then we say A is a subset of B
and write A C B. More precisely,

ACB & Vi(re A—xeB).

Thus R C Z and Z C Q, for instance. An equivalent way of writing A C B is B O A, which
can be read as “A is a subset of B” or “B is a superset of A.” It should be clear that A = B if
and only if A C B and A D B, just as in algebra z = y if and only if z < y and = > .

We now define a variety of set operations that will be indispensable throughout the book.
First there is the notion of the union of two sets A and B, defined to be the set AU B given by

AUB={xz:x € Aorz € B},
where AU B is read as “A union B.” The intersection of A and B is the set A N B given by
ANB={x:x € Aand x € B},

where AN B is read as “A intersect B.” Thus if A = {1,4,8,9} and B = {1,2,3,4,5}, then

AUB={1,4,8,9}U{1,2,3,4,5} = {1,2,3,4,5,8,9},
and

ANB={1,4,89n{1,2,3,4,5} = {1,4}.

The complement of a set A, written A€, is defined to be the set of all objects in a set
U DO A that are not elements of A. More precisely,

A°={z:zeUandz ¢ A}

The set U is called the universe of discourse and usually contains all objects that are relevant
to an analysis. In calculus we usually have U = R, the set of real numbers discussed in Section
1.3.



Example 1.4. Let A ={3,4,5,6,...}. If U =R, then
A={zx:zceRandax ¢ A} ={x:2=1,2,3,... and x # 3,4,5,...} = {1,2}.
If U = Z, then
A={r:x€Zandx ¢ A} ={...,—2,—-1,0,1,2} ={2,1,0,—-1,-2,...}.
Finally, if U = A then A° = @. |

Definition 1.5. Let S be a set. An order on S is a relation among its elements, denoted by <,
that has the following properties:

1. For all a,b € S exactly one of the following statements must be true: a < b, a =0b, b < a.
2. Foralla,b,ce€ S, ifa<bandb<c, then a < c.

A set S with an order < is called an ordered set and may be denoted by (S, <).

The relation < may be pronounced as “is less than,” although all the symbol really represents
is this abstract setting is a general rule for ordering (i.e. arranging) the elements of S in some
fashion, so that given any two elements a and b in S, we can determine which element comes
“first”. Thus < could also be read as “comes before” or “is the predecessor to” or “precedes”.
We take a > b to be equivalent to b < a, and define a < b and a > b to signify the statements
“a <bora=10" and “a > bor a =b,” respectively. (More about relations in general will be
discussed in §1.4.)

Certainly if S happens to be the set of integers Z, say, we would expect < to represent the
familiar “less than” relation. It should be clear that R, Z, and Q are all ordered sets.

Definition 1.6. Let (S, <) be an ordered set, and suppose A C S. If there exists some o € S
such that x < « for all x € A, then « is an upper bound for A and A is bounded above. If
there exists some B € S such that x > ( for all x € A, then [ is a lower bound for A and A
15 bounded below.

Definition 1.7. Suppose (S, <) is an ordered set, A C S, and A is bounded above. Suppose
a € S has the following properties:

1. «a is an upper bound for A.
2. If v is an upper bound for A, then v > a.

Then « is the least upper bound of A, also called the supremum of A, and we write

a = sup(A).

Definition 1.8. Suppose (S, <) is an ordered set, A C S, and A is bounded below. Suppose
B € S has the following properties:

1. B s a lower bound for A.
2. If v is a lower bound for A, then v < a.

Then (3 is the greatest lower bound of A, also called the infimum of A, and we write
f = inf(A).



Example 1.9. Consider the set A C Q given by
A:{x:xe(@andxgé},

which is bounded above but not bounded below. Certainly 3 € QQ is an upper bound for A, but
it is not the least upper bound since smaller numbers such as 2, 1, and g are also upper bounds.
Clearly the least upper bound is %, and so we write sup(A4) = % In fact if we remove % from A
to obtain the set

A':{x:xe(@andx<%},

the least upper bound remains unchanged: sup(A’) = 5. What this shows is that the least
upper bound of a set need not be an element of the set.
Now consider the set B C Q given by

B:{x:xe@andxgﬂ},

the set of all rational numbers not larger than /2. This set is also bounded above. One upper
bound is %, since

3 = 1.5 > 141421356 ~ V2,
but clearly % is not the least upper bound. Successively smaller upper bounds for B are:
1.42,1.419,1.418,1.417,1.416,1.415,1.4149, 1.4148,1.4147,1.4146, ...

All of these upper bounds are elements of Q, but none of them is the least upper bound. The
least upper bound for B is v/2, however v/2 is not an element of Q. There exists no a € Q such
that o = sup(B)! [ |



1.3 — REAL NUMBERS

Given a set S, a binary operation on S is a rule for combining two elements of S in order
to obtain another element of S. The basic operations of addition, subtraction, multiplication,
and division encountered in arithmetic are examples of binary operations. So, for instance, the
addition operation + takes any two elements of Z (i.e. any two integers m and n) and returns
another element of Z (i.e. an integer m + n).

Definition 1.10. The real number system (R,+,-, >) consists of a set R of objects called
real numbers, together with binary operations + and - on R, and a relation >, that are subject
to the following axioms:

Fl.a+b=0b+a foralla,b € R.

F2. a+ (b+c¢)=(a+0b)+c forallab,ceR.

F3. There exists some 0 € R such that a + 0 = a for all a € R.

F4. For all a € R there exists some b € R such that a +b = 0.

F5. a-b=10b-a for all a,b € R.

F6. a-(b-c)=(a-b)-c foralla,b,ceR.

F7. There exists some 1 € R such that 1 # 0 and a -1 = a for all a € R.

F8. For all a € R such that a # 0 there exists some b € R such that a-b = 1.
F9.a-(b+c)=a-b+a-c foralla,bceR.

O1. For all a € R exactly one of the following statements must be true: a >0, a =10, 0 > a.
02. For all a,b € R, if a,b >0, then a+ b > 0.

03. For all a,b € R, ifa,b >0, then a-b > 0.

O4. Forall a,b € R, if a > b, then a4+ c > b+ ¢ for all c € R.

C1l. For any S C R such that S # @, if S has an upper bound in R, then S has a least upper
bound in R.

The element b in Axiom F4 is called the additive inverse of a, which we usually denote by
the symbol —a so that (together with Axiom F1) we have

(—a)+a=a+(—a)=0.

The binary operations 4+ and - are naturally called addition and multiplication, and as a
notational convenience we define a subtraction operation — by

a—b=a+ (-b),

where of course —b denotes the additive inverse of b.

Any set of objects that satisfies Axioms F1 to F9 is called a field, and so for that reason
these axioms are called the field axioms of the real number system. Axioms O1 to O4 are the
order axioms, which together with the field axioms make the real number system an ordered
field. Finally, Axiom C1 is the Completeness Axiom, which as an isolated statement defines
the property known as completeness. The Completeness Axiom warrants closer examination,
but first we verify that the relation > in Definition is in fact an order for the elements of R.

Proposition 1.11. R is an ordered set.
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Proof. Let a,b € R. By Axiom F4 there exists some —b € R such that b + (—b) = 0, and thus
a+(—b) eR
since + is given to be a binary operation on R. By Axiom O1 exactly one of
a+(=b) >0, a+(-b)=0, 0>a+ (-b)
is true, and so by Axiom O4 it follows that exactly one of
(@+(=b)+b>0+b, (a+(-b)+b=0+0b, 0+b>(a+(-b))+0
is true. Now we employ Axioms F2 and F3 to obtain

a+ ((=b)+0b)>b, a+ ((=b)+b)=0b, b>a+((-b)+D),

whence
a+0>b a+0=0, b>a+0.

Therefore, using Axiom F3, we conclude that exactly one of
a>b, a=0, b>a

is true, which shows that the first property given in Definition [I.5 holds.
For the second property, let a,b,c € R, and suppose ¢ > b and b > a. By Axiom F4 there
exists some —a, —b € R such that a + (—a) = 0 and b+ (—b) = 0, and so by Axiom O4

c+(=b) >b+ (=b) and b+ (—a)>a+ (—a),
whence
c—b>0 and b—a>0.
Now, by Axiom O2,

(c=b)+(b—a)>0, (1.1)
where
(c=b)+(b—a)=(c+(=b)+ (b+(-a))

— ((c+ (=b) +b) + (—a) (Axiom F2)
=(b+(=b+c))+(—a) (Axiom F1)

= ((b+(=b)) +c) + (—a) (Axiom F2)
— (0+0) + (~a)
=(c+0)+ (—a) (Axiom F1)
c+ (—a) (Axiom F3)

Putting this result into (1.1 yields
c+ (—a) > 0.

By Axiom O4 we may add a to both sides to obtain
(c+(—a))+a>0+a,
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whereupon application of Axioms F1 and F2 on the left, and F3 on the right, yields

c>a
as desired. ]

The rational number system (Q, +, -, >) consists of the set of rational numbers defined in
the previous section, along with the usual arithmetic operations of addition and multiplication,
and also the familiar order relation > known as “greater than”. It can be verified, though it is
tedious, that (Q, 4+, -, >) satisfies all the field and order axioms in Definition . The only
axiom (Q, +, -, >) fails to satisfy is Axiom C1, the Completeness Axiom. In fact we discovered
this in Example [1.9] when we considered the set B C Q given by

B:{x:xe@andxg\/i}.

B has an upper bound in Q (for instance 2), yet it does not have a least upper bound in Q.
This violates the completeness property given by Axiom C1, and so the rational number system
is set apart from the real number system.

One might wonder how we “know” the set of objects R presented in Definition [1.10| really
is the set of real numbers encountered in elementary algebra courses? The numbers 0 and 1
appear to be mentioned, but where is v/2 among the axioms? Where is 7? It turns out that,
just as the rational numbers can be constructed from the integers, so too can the real numbers
of elementary algebra be constructed from the rational numbers. The precise way in which this
is done is beyond the scope of this book, but suffice it to say that once the feat is accomplished
there is no doubt that the end result is a set of numerical quantities that satisfy all the axioms
in Definition [1.10} But again, how do we “know” the set of objects given by Definition [1.10| are
the same as the numerical quantities that are constructed from the rational numbers? In fact
we don’t know. So why are the objects in the definition above being called real numbers? The
reason stems from a basic truth: mathematics does not so much study objects themselves, but
rather relationships between objects.

The reality of the situation is as follows. It can be proven that any two sets of objects,
say R; and Ry, that satisfy all the axioms of Definition [1.10| are isomorphic. This essentially
means that the sets of objects are identical in every way except for the symbols used to denote
them. In R; the square root of two and pi may be represented by the symbols v/2 and 7, while
in R, they may be represented by x and y. But this makes no substantive difference! The
symbols x and y have as much claim to be the numbers square root of two and pi as the symbols
V2 and 7. Symbols represent things, and have no innate properties that hold interest for the
mathematician.
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1.4 — RELATIONS AND FUNCTIONS

Recall that for an ordered pair (x,y), x is called the first coordinate and y the second
coordinate.

Suppose X and Y are sets. Then the Cartesian product of X and Y, written X x Y, is
defined as

XxY ={(z,y):x € X andy € Y},

which is to say that X x Y is the set of all ordered pairs (x,y) such that x (the first-coordinate
value) is an element of X and y (the second-coordinate value) is an element of Y. Thus, if

X ={a,b,c} and Y ={1,2,3,4}, then

X xY ={(a,1),(a,2),(a,3),(a,4), (b,1),(b,2),(b,3), (b,4), (c,1), (¢, 2), (¢,3), (c,4)}
and

Y x X ={(1,a),(2,a),(3,a),(4,a),(1,b),(2,b), (3,b), (4,0),(1,¢),(2,¢),(3,¢), (4,¢) }.

Notice that in general X x Y # VY x X.
In particular if [a,b] and [c, d] are closed intervals in R, we have

[a,b] x [¢,d] = {(2,y) : x € [a,b] and y € [¢,d]} = {(z,y) :a <z <band ¢c <y < d},

which forms a rectangle in the zy-plane as shown in Figure [I]

Definition 1.12. A relation R is an ordered triple (X,Y,T"), where X andY are arbitrary
sets, and ' C X XY is a set of ordered pairs called the graph of R. We may write R = (X,Y,I)
and say R is a relation from X into Y. The set X is the domain of R, written Dom(R),
and Y is the co-domain of R. The range of R is the set Ran(R) CY given by

Ran(R) = {y: Jz € X((z,y) € I)}.
Two relations Ry = (X1,Y1,T1) and Ry = (Xs, Y2, 1'2) are equal if and only if X; = X,

Y1 =Y,, and I'y =Ty, in which case we write R1 = R».

Observe that the range of a relation R is just the set of second-coordinate values of the
ordered pairs belonging to the graph I' of R. The definition for a relation may seem rather
arcane, but the idea behind the ordered triple (X,Y,I") is simple: There is a set of objects X,

Y,
[a,b] X [c,d]
dl‘ﬂ /
C [N
a b

FIGURE 1. The Cartesian product of two closed intervals in R.
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another set of objects Y, and then I is some rule that relates (i.e. pairs) objects in X to objects
in Y in some fashion.

Example 1.13. One kind of relation we have already encountered is the order relation introduced
in Definition denoted by <, which establishes an order among the elements of a set S so as
to create an ordered set (5, <). In terms of Definition the relation < is a triple (S, S,T"),
where I' C S x S consists precisely of all ordered pairs (sq, s2) of elements of S for which s; < s9
is true. Put another way, (s1,s2) € I if and only if s; < ss. [ |

Some authors identify a relation R = (X,Y,T") with is graph I', and may even say that a
relation is simply any set of ordered pairs. This makes sense if we are studying relations that
all have a fixed domain X and co-domain Y, in which case the only thing that distinguishes
one relation from another are their graphs (which must be subsets of X x Y'). We do not take
this approach because we will be adopting a convention that will result in variation among the
domains of the relations we encounter. Before establishing the convention we’ll consider an
example that will help to make clear why a convention above and beyond Definition [1.12]is even
necessary.

Example 1.14. An inequality from algebra such as
20 — 5y <10 (1.2)

can be used to define a relation once the allowed sets of values that the variables x and y may
assume are specified. If x and y are declared to be real-valued variables, then we may take the
inequality ((1.2) to define a relation R from R into R with graph

I'r={(x,y) : z,y € R and 2z — 5y < 10}.

On the other hand we may wish to only allow = to take on integer values, in which case (1.2))
defines a relation R’ from Z into R with graph

I'r ={(z,y):x €Z,y € R and 22 — 5y < 10}.

It’s important to recognize that R = (R,R,I'g) and R’ = (Z,R,'p/) are not the same relation
since the domain of R is R and the domain of R’ is Z. Indeed the graphs of R and R’ are
different. For instance (3,0) is an element of 'z but not an element of I'g/, since % ¢ 7.

Now define a relation R” from C into R with graph

I'pr ={(z,y) : 2 € C, y € R and 2z — 5y < 10}.

It turns out that I'grr = I'g, since no complex number that is not a real number can be
substituted for x to satisfy , for the simple reason that there is no such thing as “bigger”
or “smaller” nonreal complex numbers, and no nonreal complex number is “bigger” or “smaller”
than any real number. Nevertheless R = (R, R,I'g) and R” = (C,R,I'g+) are not equal since
the given domains of the relations are not equal! |

In the study of calculus relations are typically given as algebraic equations or inequalities
involving two variables x and y. However, in Example we saw how the inequality ((1.2)
could be used to define three different relations. Which one should we choose? This is largely a
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question of choosing a sensible domain, and in calculus the domain will always be a subset of R.
Certainly this disqualifies R” in Example [1.14, but R and R’ are still in the running.

Let S(x,y) be an algebraic statement concerning variable objects z and y. Then S(z,y) will
be taken to define a relation (X,R,I") for which

I'={(z,y) € RxR:S(x,y) is true}. (1.3)

and
X = {z:x € R and there exists some y € R such that S(z,y) is true} (1.4)

In the case of the inequality (1.2)) the statement S(z,y) is
“2xz — 5y is less than or equal to 10.”

Now, given any x € R we can certainly manage to find at least one y € R such that 2x — 5y is

less than or equal to 10; indeed, all we need to do is choose any value for y for which
y > 2x — 10
- 5
Thus, for any z € R some real number y can be found which will make S(x,y) true, and so by

(1.4) we take ([1.2)) to define a relation with domain X = R. As for the graph, we have by (1.3])
I'={(z,y) € Rx R:2x — 5y <10 is true}.

Therefore is taken to define the relation (R, R, I'), which is in fact equal to the relation R
in Example [1.14]since I' = I'g.

The foregoing deliberations can ultimately be distilled down to a succinct convention—the
convention promised after Definition [1.12| which will generally apply to every relation we
encounter that is not a function (defined below), and to every function for which we are not
interested in finding an inverse function (defined in §7.1). There will be occasions when we will
wish to waive the convention, either by restricting the domain or the co-domain of a relation to
some smaller subset, but at those times it will be explicitly stated that the convention is not in
effect.

Convention. Any set of ordered pairs I' C R x R will be understood to define a relation
R=(X,R,T") with X ={zx € R: (x,y) € [ for some y € R}.

The advantage of wording the convention this way is that is makes no mention of some
statement S(z,y) involving variables z and y. Thus we can consider completely arbitrary sets
of ordered pairs for which no associated statement such as 2x — by < 10 is apparent.

For example, consider the following sets of ordered pairs:

111 = {(CL, 2)’ (a7 4)7 (b7 3)7 (07 1)}7
Iy = {(CL, 2)a (b’ 3)’ (b> 4)}7
F3 = {(CL, 1)7 (av 2)7 (CL, 3>}

We assume that a,b,c € R. By the Convention stated above we take these sets of ordered pairs
to define the relations

Rl = ({CL, b, C},R, Fl), R2 = ({CL, b},R, FQ), and Rg = ({CL},R, Fg)
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Thus the co-domain of every relation is R. The domains and ranges of the relations vary,
however:

Dom(R;) = {a,b,c}, Dom(Ry) = {a,b}, and Dom(R3)= {a},
and
Ran(R;) = {1,2,3,4}, Ran(Ry) ={2,3,4}, and Ran(Rj3)={1,2,3}.

Definition 1.15. A relation R = (X,Y,I') is a function if for each x € X there exists a
unique y € Y such that (z,y) € I.

Note in the definition that
{z: (z,y) €T for some y € R} = X,

which is in agreement with the convention stated above. As with relations in general we will
take the codomain Y of a function to be R unless otherwise specified.

If (X,Y,T') is a function it is typical to give it the symbol f, though this by no means is a
requirement. The notation f : X — Y is frequently used to denote any function f with domain
X and codomain Y (leaving the set I' C X x Y unspecified), which may be read as “f maps X
into Y7 or “f is a function from X into Y.

Definition 1.16. Suppose f = (X,Y,T) is a function. If (x,y) € T, then in function notation
we write f(x) =y to indicate that y is the unique element of Y that is paired with x € X by f.
For any A C X the set

f(A)={yeY: f(x) =y for some x € A}.
is the image of A under f.

More compactly we may write
f(A) ={f(z):z € A},

which cuts out y as the “middleman.” Observe that, of necessity, f(X) = Ran(f). Using
function notation we can restate Definition [L.15] of a function as follows.

Definition 1.17. A relation f from X into Y is a function f : X — Y if for every x € X there
is exactly one y € Y such that f(x) =y.

The utility of function notation cannot be overstated. First and perhaps foremost, function
notation facilitates the common interpretation of a function as being a “machine” that receives
an x value as input and returns a y value as output. Thus if (2,5) € f, we can think of f as
taking in 2 and putting out 5, and write f(2) = 5.

2 — f —5

We'll make frequent references to this interpretation later on.

The domain of a function f is just the set of all the first-coordinate values of all the ordered
pairs that it contains, and the range of f is the set of all the second-coordinate values.

It’s important to remember that the domain X and co-domain Y of a function f are integral
parts of the function’s definition. Quite often in mathematics a function f is defined by use of
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a “rule” of some kind, such as an algebraic equation or a verbal description, which expresses a
relationship between x and y that must be satisfied in order for (z,y) to be eligible to be an
element of f. Indeed in many textbooks one will find a statement to the effect that a function
is a rule. In any event it is commonly left to the reader to choose an appropriate domain and
co-domain in which to apply a given rule so as to obtain a well-defined function, but the context
of the discussion usually makes the choice clear.

An example of a rule is to put numbers in correspondence with their square roots. That is,
we can declare f to be a function that consists of ordered pairs having the property that the
second coordinate, y, is the square root of the first coordinate, x, so that (x,y) € f implies that
(z,y) = (x,/z). Algebraically the rule can be expressed by the equation y = v/, or even better
we can employ function notation and write the rule as f(z) = /x. However, as stated this rule
by itself does not fully determine a function because a domain and co-domain were not specified!
The foremost question here is: do we want to permit square roots of negative numbers? If
the answer is yes, then we can let Dom(f) = R and obtain a function f : R — C which, for
instance, contains ordered pairs like (—4,/—4) = (—4,2i) and (—13,/—=13) = (13, z\/1_3) If
the answer is no, then we might let Dom(f) = [0,00) (i.e. we only permit > 0) and obtain a
function f : [0, 00) — R which does not contain pairs like (—4,2i) or (—13,i/13).

For the purposes of this course, whenever we're given a rule like f(z) = /x from which to
construct a function f, we will always define the domain of f to be the largest set X C R such
that f(X) C R. That is, given a rule f, we will take Dom(f) to be the set of all real numbers x
such that the associated y value (where y = f(x)) is also a real number. Do you like set-builder
notation? Then here you are:

Dom(f) ={z e R: f(z) € R}. (1.5)
It then follows that, for the range of f, we have
Ran(f) = {f(z) : z € Dom(f)}. (1.6)

Following this convention, a rule like f(z) = v/ does fully determine a function since we know
to let Dom(f) = [0,00), and so we can safely adopt the viewpoint that a function is a rule.
We've now encountered three interpretations of a function: a function is a set of ordered pairs,
a function is a machine, and a function is a rule. In light of the machine interpretation and
Definition [1.17] a function is a machine that returns no more than one output for each input.

Example 1.18. Find the domain and range of the function f given by the rule f(x) = 2 + 5.

Solution. The function f will contain ordered pairs (z,y) such that y = f(z), where in this
case we're given f(x) = v/81 — x2. Following our convention (1.5]), we start with

Dom(f) = {xER: V81 — z2 E]R}

and ask: what can z be in order that v/81 — 22 is a real number? For fourth roots, like with
square roots, we need the radicand to be nonnegative: 81 — 22 > 0, so we need —9 < z < 9 and
conclude that Dom(f) = [-9,9].

3Recall that C is the set of complex numbers: C = {a + bi : a,b € R}.
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As for the range, by (1.6) Ran(f) is the set of all the values the expression f(z) = v/81 — 22

can assume for z € [—9,9]. Notice that f(z) = 0 when = —9 or x = 9, and peaks at a
value of f(0) = v/81 = 3 when z = 0. Thus, for —9 < z < 9 we find that 0 < f(z) <3, so0
Ran(f) = [0,3].

To complete the ordered pair (1,y), we note that = 1 and therefore
y = f(1) = V81 — 12 = V80 = 2V/5,

and so the pair must be (1,2+v/5).

Turning to the pair (z,2), we must find x such that y = f(z) = 2, or v/81 — 22 = 2. This
equation implies 81 — 22 = 2%, or 22 = 65 and thus z = ++/65. Therefore two possible ordered
pairs result: (—+/65,2) and (v/65,2). [ |

Example 1.19. Find the domain and range of the function f given by the rule f(z) = v/81 — 22,
then complete the ordered pairs (1,y) and (x,2) so that they belong to f.

Solution. The function f will contain ordered pairs (x,y) such that y = f(x), where here we'’re

given f(x) = v/81 — x2. Once again by (1.5)), we start with
Dom(f) = {x ER: V8l —a2¢€ ]R}

and ask: what can z be in order that v/81 — z2 is a real number? For fourth roots, like with
square roots, we need the radicand to be nonnegative: 81 — 22 > 0, so we need —9 < 2 < 9 and
conclude that Dom(f) = [-9,9].

As for the range, by Ran(f) is the set of all the values the expression f(x) = v/81 — 22

can assume for x € [—9,9]. Notice that f(z) = 0 when x = —9 or z = 9, and peaks at a
value of f(0) = v/81 = 3 when z = 0. Thus, for —9 < z < 9 we find that 0 < f(x) <3, s0
Ran(f) = [0,3].

To complete the ordered pair (1,y), we note that = 1 and therefore
y = f(1) = V81 — 12 = V80 = 2V5,

and so the pair must be (1,2v/5).

Turning to the pair (z,2), we must find z such that y = f(z) = 2, or v/81 — 22 = 2. This
equation implies 81 — 22 = 2%, or 22 = 65 and thus z = ++/65. Therefore two possible ordered
pairs result: (—+/65,2) and (v/65,2). [ |
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SECTION 1.4 EXERCISES

1. Let f(z) = 2® + 22 — 3.
(a) Find f(0), f(3), and f(—3)
(b) Find f(1/a) and f(—x)

2. Let g(t)

(a) Find g(1), g(—

1
=t— .
t

1), and ¢(3/2)

(b) Find g(a + 3) and g(1/a)

For #3 — 8, find the domain and range
of the function.

X

(z) =
()
(z) =
(z) =
(z) =
(z) =

=

X

- f

T

3
4
5
6.
7
8

—

X

2>+ 1for —4<x<3
= 3x for =3 <x <7
7T —4dx
2—-25
|x—8|—5
6/

For #9 — 22, find the domain of the func-
tion (not the range).

9. f()
10. g(x)
11. h(x)
12. j(

13. k(x
14. ((x)
15. p(z)
16. ¢(x)

17. r(z)

+ 3z

r+1
18. =9
8. s(x) ”x—4
r? — 3z
19. =
9. ula) T+ 2
20. v(z) =V —4+r+38
21, w(z) =vVe—4+V12 -z
22. 2(x) =/ =2+ Va2 -9+ 2r -1
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1.5 — FuNCcTION COMBINATIONS AND COMPOSITIONS

New functions can be built from old ones in many ways. Typically the old functions are
common, simple functions that are put together to construct a more complex function that
models some observed phenomenon. How such constructions are accomplished in the context of
real-valued functions we make precise in this section, starting with the notions of taking sums,
differences, products, and quotients of functions whose domains have nonempty intersections.

Definition 1.20. Let f: X — R and g : Y — R be functions such that X NY # &. Define
functions f +¢g,f —g,fg: XNY = R by

(f+9)(@) = flz)+g(x), (f—9)x)=[f(x)—g(x), (f9)(z)=f(x)g(x)
forallz e XNY.
Let Z ={x € X NY : g(x) # 0}, and define f/g: Z — R by

(f/9)(x) = f(x)/g(x).

In addition to adding, subtracting, multiplying, and dividing functions, we also introduce
function exponentiation.

Definition 1.21. Let f : X — R be a function. For any n € R we define f*: X — R by
f'(@) = [f ()]

The arithmetic operations for functions given by Definitions and are collectively
called function combinations. Another function combination that is perhaps the most important
operation of all is function composition.

Definition 1.22. Let f: X — Y and g: Y — Z be functions. The composition of g with f
is the function go f : X — Z given by

(go f)x) =g(f(x))
forallz e X.

Generally if f and g are functions such that Ran(f) C Dom(g), then it is possible to construct
the composition g o f and we will have

Dom(g o f) = Dom(f).

If Ran(f) € Dom(g) is not the case, but it is still true that Ran(f) N Dom(g) # @, then it is
still possible to construct g o f by defining

Dom(go f) = {z : x € Dom(f) and f(z) € Dom(g)}. (1.7)

What we are doing in adopting this convention (which we shall strictly adhere to throughout
this text) is restricting the domain of g to Ran(f) N Dom(g).

If Ran(f) N Dom(g) # @, then Dom(g o f) # @ also and we will say g o f exists. If
Dom(g o f) = & then g o f does not exist.

Example 1.23. Let f(x) = v/36 — 22 and g(z) = V92 — 5. Find g o f and its domain.
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Solution. We have Dom(f) = [—6, 6] and Dom(g) = [5/9, c0), and also
Ran(f) = {f(z) : # € Dom(f)} = {V36 —2?: =6 <z <6} = [0,6].

Since
Ran(f) N Dom(g) = [0,6] N [5/9,00) # @,

it follows that Dom(g o f) # @ and the function g o f exists.
To find go f means to find an algebraic expression in x for (go f)(z). This is straightforward:
assuming = € Dom(g o f), we have

(9o f)lx) =g(f(x)) = g(V36 —22) = \/9v/36 — 2% — 5.
To find the domain of g o f, by we have
Dom(go f) = {z : « € Dom(f) & f(z) € Dom(g)}
={2:—6<2<6and V3622 >3}

:{x:—6§x§6andx2§%

:{x:—6§x§6and—%ﬁgx§%@}

:[_@@}
9 9 |’

since 7% ~ 5.97 < 6. u

The composition of any number of functions may be effected, as the following more general
definition makes precise.

Definition 1.24. Let f; : X; — X;11 be functions fori=1,2,...,n. We define the composi-
tion of fi,..., fn to be the function

fno--rofoofi: X7 — X
gien by

(fno o fao fi)(z)= ful- - fa(fr(z)) )
for all x € X;.

In particular if f: X —-Y,¢9:Y — Z, and h: Z — W, then
hogof: X —W
is given by
(hogo f)(x)=h(g(f(z)))

for all z € X. If it is not the case that Ran(f) € Dom(g) or Ran(g) € Dom(h), then we adopt
the convention that

Dom(hogo f) = {z € X : 2 € Dom(f), f(x) € Dom(g), and g(f(z)) € Dom(h)}  (1.8)
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Example 1.25. Let f(z) =10 — z, g(z) = 12/(z — 9), and h(z) = z/(x 4+ 6). Find hogo f

and its domain.

Solution. For any x in the domain of hogo f,

(hogo 1)) = hlg(F (@) = ho(VI0—)) = h( )

V10 —2 —9
12
VIO—2z -9 12 B 12
12 +6_12+6(\/107—x—9)_6\/107——42'
VIO—2 -9

To actually find the domain of h o g o f we first obtain the domains of f, g, and h:
Dom(f) = (—o0,10],
Dom(g) = (=00,9) U (9, 00),
Dom(h) = (—o0, —6) U (=6, 00).
By we have
Dom(hogo f) = {x € X :x<10, f(z) #9, and g(f(x)) # —6}, (1.9)

where f(z) # 9 is equivalent to f(z) € (—00,9) U (9,00), and g(f(x)) # —6 is equivalent to
g(f(x)) € (—o0, —6) U (—6,00). Now,

fx) 29 & VI0—2#9 & 10—z #81 & z#-T1, (1.10)
and
12
9(f(x) # -6 & m#—6 & 124 —6(V/10 -z —9)

& VI0—2#7 & 10—2#49 & z# -39 (1.11)
Putting the results of (1.10)) and (1.11)) into (1.9) yields
Dom(hogo f) = {xeX:xS 10, z # =71, and = # —39}

= (=00, —71) U (=71, —39) U (=39, 10]

as the domain. [ ]



SECTION 1.5 EXERCISES

For #1 — 6, find f+g, f — 9, fg, f/g, and their domains.
L f@) = vI=%. gla) =
2. f(z) =v10+2z, g(x)=+/50—2x
VETT

x

3. flx) =v9—22, g(z)=

4'f($):x—2|—2’ 9@ =753
5 f(x)—\/%, g(z) = 32% -8

7. f(x) =322 -7, g(z)=x+5

8. f(z)=+vz -3, g¢g(x)=2?

1 r—1
g(ﬂf)—x+1

)
)
)=Vr, glr)=1-Vr
)
)

11. f(z) =Va?—4, glx)=+2—-=x

For #13 — 14, find fogoh and its domain.

13. f(x)=vVax—2, glx)=vr—1, h(zx)=vzr+3

U f@)=VaE, gla)= "=, h(e) = ¥F

For #15 — 18, find simple functions that do the job of the complex function.

15. H(z) = (x — 8)%. Find functions f and g so that fog= H.

1
16. L(z) = T Find functions f and g so that fog= L.

17. ®(z) = /+/x — 1. Find functions f, g and h so that fogoh = ®.

—— = F'ind functions f, g and h so that fogoh =W.

21
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1.6 — MATHEMATICAL PROOFS: TOOLS AND TECHNIQUES

Throughout these notes there are many proofs, and a fair number of the proofs juggle
absolute values and inequalities. One of the simplest inequalities involving absolute value is

— |t <t <t (1.12)

for any t € R. Indeed if ¢ > 0 then t = |¢|, and if t < O then ¢t = —(—t) = —|¢t|, so in fact
|t| = £|t| depending on whether ¢ is nonnegative or negative.

Another inequality featuring absolute value, arguably the most useful of them all, is the
Triangle Inequality. In words it amounts to a simple fact: the sum of the lengths of the two
shortest sides of a triangle is less than the length of the longest side. Algebraically this fact is
rendered as follows.

Proposition 1.26 (Triangle Inequality). For any x,y € R,

|z +y| < [z] + |y.
Proof. Let z,y € R. With (1.12)) we have —|z| <z < |z| and —|y| <y < |y|, and adding these
results yields

—(lzl+ ) <2z +y < |e] +yl.
Therefore |z + y| < |z| + |y|. [ |

A slight variant of the Triangle Inequality is
|z =yl < Jz| + |y]

for any x,y € R. This follows immediately from the proposition above and the fact that
| —t| = |t| for any ¢ € R:

[z =yl =z + (=) < [o] + [ =yl = |z| + |y|.

A more significant variant is the following.

Proposition 1.27 (Reverse Triangle Inequality). For any z,y € R,
||z = lyl] < |z —yl.
Proof. Let z,y € R. Using the Triangle Inequality, we obtain the inequalities

2| =|(z —y) +yl < |z —y|+ |yl
and
lyl =1y —2) +z[ < |y — 2 + [z] = [z — y| + |z,
which become
[z =yl < |z —y| and |z —|y| > [z —y],
respectively, so that
— |z —yl <[ =yl <z —yl,

and therefore ||z| — |y|| < |z — y|. [ |



Combining our findings, we have

2| = Jyl < [lz] = [yl| < o =yl < |2] +[yl.

The Triangle Inequality has the following generalization: for any xq, xs, ..

[0+ @y e x| < ] | 4

or in sigma notation

n
D
k=1

n
<Dl
k=1

L Tn €R)

23
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LiMIiTS AND CONTINUITY

2.1 — NEIGHBORHOODS AND LIMIT POINTS

Given a point ¢ € R, a neighborhood of ¢ is any open interval I C R that contains ¢. Thus,
for any a < ¢ and b > ¢, the interval (a,b) is a neighborhood of ¢. Other neighborhoods of ¢ are
(—00,b), (a,00), and (—o0,00). In fact, R itself qualifies as a neighborhood for any real number,
albeit an uninteresting one.

A common way to construct a neighborhood for a real number ¢ is to designate some v > 0,
usually regarded as being quite small, and consider the interval (¢ — 7, ¢+ ). This is the open
interval with center ¢ and radius 7, which we will frequently denote by the symbol B, (c) and
call the y-neighborhood of ¢; that is,

By(¢) = (¢ =7, ¢ +7)
for any v > 0.

A deleted neighborhood of ¢ € R is a neighborhood of ¢ with ¢ removed. Thus, if (a,b)
is a neighborhood of ¢ for any —co < a < ¢ and ¢ < b < o0, then (a,c) U (¢, b) is a deleted
neighborhood of ¢, where of course (a,c) U (¢, b) is the set of all real numbers between a and b
except for c:

(a,c)U(e,b) ={x:a <z <band x # c}.

Removing ¢ from a y-neighborhood (¢ — 7, ¢+ v) of ¢ produces what we shall call a deleted
~v-neighborhood of ¢:

(c—v,c0)U(c,e+y)={r:c—v <z <c+~vyand z # c}.

It will be convenient to use the significantly more compact symbol B! (c) to denote the deleted
~v-neighborhood of ¢:

Bl(c)=(c=vc)U(cc+7).
Observe that z € B! (c) if and only if 0 < |z —¢| < 7.
Definition 2.1. A point x € R is a limit point of a set S C R if
Bl(r)NS # @
for all v > 0.
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For example, a is a limit point of the interval (a,b). This is because no matter how small
v > 0 is, there are points in (a,b) that lie between a and a + 7, and hence

B, (a) N (a,b) = [(a —7,a) U(a,a+v)] N(a,b)
= [(a —7,a)N (a,b)} U [(a,a +79)N (a,b)]
= (a,a+7v)N(a,b) # 2

for all v > 0. Similarly, b is a limit point since for any v > 0, no matter how small, there are
points in (a, b) that lie between b — v and b, and so

B.(b) N (a,b) # @

for all v > 0. In fact, every x € (a,b) is a limit points of (a,b). Put another way, the set of limit
points of the open interval (a, b) is the closed interval [a, b].

Example 2.2. Recall the set of natural numbers N = {1,2,3,...}, otherwise known as the set
of positive integers. Let S be the set consisting of the reciprocals of the natural numbers:

S:{l:neN}.
n

This set has at least one limit point: the number 0. To see this, note that for any v > 0 we can
find a sufficiently large natural number N so that 1/N <, and hence 1/N € B/ (0) N S. That
is, B/(0) NS # @ for all ¥ > 0, and therefore 0 is a limit point of S.

Does S have any other limit points? Can 1 be a limit point? No, since the deleted
neighborhood B (1) = (0.9,1) U (1, 1.1) contains no elements of S. Now consider the number
1/n for some integer n > 2. We find that

1 1 1

<< ,
n+1 n n-—1

where all the values in the inequality are elements of S, and no elements of S exist between

1/(n+1) and 1/n or between 1/n and 1/(n — 1). Thus there exists a sufficiently small v > 0

such that B/(1/n)NS = & ﬁ which shows that 1/n is not a limit point of S. Similar arguments

can be made to show that no real number z > 0 can be a limit point of S, nor can any real

x < 0 be a limit point. Therefore 0 is the only limit point of S. |

In fact we could choose to let  be half the distance between 1/n and 1/(n + 1):

)
T=3\n n+1/"
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2.2 — THE LiMIT OF A FUNCTION

Throughout this chapter we assume that any function f is real-valued, and has domain D
that is a subset of the set of real numbers R; that is, f : D — R for some D C R.

Definition 2.3. Let f be a real-valued function, and let ¢ € R be a limit point of Dom(f).
Given L € R, we say f has limit L at ¢, written

lim f(x) = L,

r—C

if for each € > 0 there exists some 6 > 0 such that, for any x € Dom(f),

O<l|lr—c|<éd = |f(z)—L|<e

7

Remark. Throughout these notes, whenever we say that a limit lim,_,. f(z) “exists,” we mean
there is some L € R such that lim, . f(z) = L. Otherwise we say that the limit “does not
exist.”

Notation. A notational alternative to lim, . f(x) = L is to write “f(z) — L as x — ¢.”

Example 2.4. Prove that
lim(2z +1) = 9.

r—4

Preliminary Analysis. By Definition we must show that, for any ¢ > 0, there is some
d > 0 such that 0 < |z — 4| < ¢ implies

(22 4+1) — 9| <, (2.1)
or equivalently (simplifying the left-hand side),
|22 — 8] < e. (2.2)

However, since |2z — 8| = 2|x — 4|, we can rewrite as |z — 4| < ¢/2. Working backward,
we see that |z — 4| < €/2 leads to (2.2)), which in turn becomes (2.1]). Thus, if we assume z is
such that 0 < |z — 4] < § for § = ¢/2, then (2.1)) necessarily follows. We now proceed with the
formal proof with this choice for ¢ in mind. |

Proof. Let € > 0. Choose § = €/2 and suppose z is such that 0 < |[x—4| < §. Then |z —4| < €/2,
and since

|g;—4|<§ = 2r—8<e = |2e+1)—9|<e

the proof is done. |

Example 2.5. Prove that
lim(z® + z — 12) = —6.
T—2
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Preliminary Analysis. We must show that, for any ¢ > 0, there’s some ¢ > 0 such that
0 < |z — 2| < ¢ implies
[(2® + 2 —12) — (=6)| <,

or equivalently (simplifying the left-hand side),
|z —2||z + 3| <e. (2.3)
First consider what would happen if we just assumed 0 < |z — 2| < 1 (so provisionally we’re
letting 0 = 1). Since
lt—2|<1 = —-1l<z—-2<1 = 4<2+3<6,

the assumption 0 < |z — 2| < 1 implies that |z + 3| < 6. Notice that |z + 3] is one of the factors
at left in (22.3]). Of course, the other factor at left in (2.3) is |z — 2|, and if we were to make the
assumption that 0 < |z — 2| < €/6 in addition to 0 < |x — 2| < 1, then we would obtain

\(m2+x—12)—(—6)}:|x—2||x+3|<§-6:e

as desired.

Thus we need ¢ chosen such that having 0 < |x — 2| < ¢ implies |x — 2| is less than both 1
and €/6 simultaneously. So what should § be? The smaller of the two quantities 1 and €/6! We
indicate this by writing 6 = min{1, ¢/6}, which can be read as “J is the minimum element of
the set {1,€¢/6}.” We are now ready to write a formal proof. [ |

Proof. Let ¢ > 0. Choose 6 = min{1,¢/6} and suppose that 0 < |x —2| < 4. Then |z —2| < ¢/6
is immediate, and from |z — 2| < 1 we have |z + 3| < 6 as shown in the preliminary analysis.
Now,

(22 + 2 — 12) — (=6)| = |z — 2| + 3| <%-6:e,
and the proof is done. [ |

Example 2.6. The proof that

. (1
lim msm(—) =0
x—0 x
is relatively straightforward. Let € > 0, and choose § = €. Suppose z is such that 0 < |z| < .
Then |z| < € with x # 0, and we obtain
(1
sm(—)' <|z| <e,
x

()
Trsmy\| —
T

since |sin(1/z)| < 1. This finishes the proof. |

= ||

Definition is the definition of the limit of a real-valued function of a single real variable
that we will use throughout these notes, and it is in agreement with the definition of limit found
in more advanced texts on the subject of mathematical analysis. Unfortunately, Definition [2.3
is not consonant with the definition of limit found in most mainstream introductory calculus
texts. In such texts the meaning of

lim f(z) =L

Tr—cC
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is, in fact, rather more complicated by virtue of having one more component: namely, a
requirement that a deleted neighborhood of ¢ be a subset of the domain of f. That is,
introductory calculus texts state that there must exist some v > 0 such that B! (c) € Dom(f),
otherwise lim,_,. f(x) does not exist. Not only does this make for a more cumbersome and
restrictive concept of limit than the one given here, it also often results in longer and more
awkward proofs of otherwise simple theorems.

Fortunately, nearly every function of a single real variable that is encountered in a basic
calculus course will have a domain that is either an interval of real numbers or a disjoint union of
intervals. For such functions our definition of lim,_,. f(z) and the definition given in mainstream
texts will yield identical results for each ¢ € R for which neither of the following is true:

1. There exists v > 0 such that (¢,c+ ) € Dom(f) and (¢ — 7, c¢) N Dom(f) = @.
2. There exists v > 0 such that (¢ —~,¢) € Dom(f) and (¢, c+ ) N Dom(f) = .

The occurrence of either Case (1) or Case (2) will automatically result in lim,_,. f(z) not
existing according to the definition of most calculus texts, but depending on the behavior of
f the limit concept given by Definition might exist. To address either Case (1) or (2),
mainstream texts consider what is known as a one-sided limit. Specifically, to treat Case (1) or
Case (2), texts employ respectively a right-hand or left-hand limit. We shall generally observe
the same practice in these notes as well, not only in the interests of academic harmony, but also
since there are situations in which the limit of Definition fails to exists, and yet one or the
other of the one-sided limits defined as follows does exist.

Definition 2.7 (Right-Hand Limit). Let f be a real-valued function, and let ¢ € R be such
that Dom(f) N (¢,c+ ) # @ for all v > 0. Given L € R, we say f has right-hand limit L at
c, written

lim f(z) =L,

z—ct

if for all € > 0 there exists some 6 > 0 such that, for any x € Dom(f),
c<x<c+d = |fr)—-L|<e

Definition 2.8 (Left-Hand Limit). Let f be a real-valued function, and let ¢ € R be such
that Dom(f) N (c—ry,¢c) # @ for ally > 0. Given L € R, we say [ has left-hand limit L at c,
written

lim f(z) =L,

r—Cc—

if for all € > 0 there ezists some § > 0 such that, for any x € Dom(f),
c—d<zx<c = |flx)—-L|<e

Notation. The limit lim, ,.+ f(z) = L can be written as “f(x) — L as x — ¢*,” and the limit
lim, ,.- f(x) = L can be written as “f(z) - L asz — ¢ .”

Theorem 2.9. If

lim f(z)= lim f(z)=1L (2.4)
T—rc™ r—ct
for some L € R, then
lim f(z) = L.

Tr—C
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Proof. Suppose that (2.4) holds. Let ¢ > 0. There exists some ¢; > 0 such that, for all
x € Dom(f),
c—h<zx<c = |flx)—L|<eg

and also there exists some do > 0 such that, for all x € Dom(f),
c<x<c+d = |flx)-L|l<e

Let 6 = min{dy,d2}. Suppose 2 € Dom(f) is such that 0 < |z —¢| < §. Then either c—d <z < ¢
or ¢ < x < ¢+ 0 must be the case, and since the former implies that ¢ — §; < z < ¢, and the
latter implies that ¢ < ¢ < ¢+ dy, it follows that |f(z) — L| < e. Therefore lim, . f(z) = L. N

Remark. The converse of Theorem is not true in general. That is, if lim, .. f(z) = L,
then it is not necessarily the case that both one-sided limits will equal L. For example we have
lim, .o/ = 0, and while it is the case that lim,_,o+ /2 = 0 also, it turns out that lim,_,o- /=
does not exist! This is because the domain of 1/z is [0, 00), and so the requirement in Definition

that [0,00) N (—7,0) # @ for all v > 0 is not satisfied.

Example 2.10. Let f be a function with graph as depicted in Figure . Whereas f(1) = 2,
from the graph we find that
lim f(z) =2 and lim f(x)=4,

z—1— r—1t

and so since a limit can equal at most one real number it follows that lim,_,; f(x) does not
exist. On the other hand we have lim, , ; f(x) = 3 even though f(—1) is undefined, and also
lim,, o f(z) = 1 even though f(—2) = 2. Finally, we have lim, 3~ f(x) = 1 while lim, 3+ f(x)
does not exist. |

Example 2.11. The limit
1
lim cos(—) (2.5)
z—0 €x
does not exist, which is to say it does not equal any real number. This will now be shown by
constructing a proof by contradiction.

FIGURE 2.
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Suppose that there is some L € R such that cos(1/x) — L as x — 0. By definition this
means that, for every € > 0, there exists some ¢ > 0 such that, if 0 < |z| < §, then

|cos(1/x) — L| <.
Thus, if we let € = 1/2, then there’s some § > 0 such that 0 < |z| < § implies
|cos(1/x) — L] < 1/2.
Now, let n € R be sufficiently large so that 1/n < §, in which case

1 1
0<—<6 and 0 < ——— < 4,
2nm 2n+1)m

and hence

| cos(2nm) — L| < % and |cos ((2n+ 1)7) — L| < %

Since cos(2nm) = cos0 =1 and

cos ((2n + 1)7) = cos(m) = —1,

we next obtain ] 1
1-L| <= d |[-1-Lj <<
1-Lf<; and | <35

which we can write as |[L—1| < 1/2 and |[L+1] < 1/2. From |L—1| < 1/2 comes 1/2 < L < 3/2,
and from |L + 1| < 1/2 comes —3/2 < L < —1/2. Both of these double inequalities must be
satisfied simultaneously, which clearly is impossible no matter what real number L is. Thus
there can be no L € R such that cos(1/z) — L as x — 0.

Therefore the limit does not exist. |



EXERCISES

Use the definition of a limit, Definition [2.3], to prove the following limits.
1. lim 3z = 24.
z—8

2. lim(5x — 3) = 17.

z—4

3. lim (32+1) =0.

T——2

4. lim (17 — 7z) = —4.
T3

2 _
5. lim 2L T3 g
r——1 T+ 1

6. lim (2 + 6z + 12) = 3.

r——3
7. lim(z® — 3z + 1) = 11.
z—5

2 1
8 m—=3
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2.3 — PROPERTIES OF LIMITS

We now lay out and prove a theorem that gives some of the general properties of two-sided
limits. The properties carry over without change to one-sided limits, with proofs that are much
the same.

Theorem 2.12 (Laws of Limits). Suppose a,c € R. If
lim f(x) =L and limg(z)=M
Tr—rC Tr—cC

for some L, M € R, then the following hold.

1. lima=a
Tr—c

2. limaf(x) = alim f(x)
3. lim [£(2) % g(a)] = lim f(z) + Tim g(0)

4. lim [(@)o@)] = lim £(@) - I g(a)

5. Provided that lim,_,. g(x) # 0,

fla) [ f@)

__ x—=cC

li = )
eoeg(x)  limg(x)

T—C

6. For any integer n > 0,

Hm[f(x)]" = [lim f(m)]n

Tr—C Tr—C

lim 4/7(x) = 1 /lim f(2),

provided there exists v > 0 such that f(z) > 0 for all x € B! (c) N Dom(f) if m is even.

7. For any integer m > 0,

Proof.
Proof of Law (1). Let e > 0. We can choose § = 1, and then, supposing that 0 < |z —¢| < 1, we
find immediately that |a —a| =0 < e.

Proof of Law (2). If a =0, then
lim0- f(z) =lim0=0=0-1lim f(x)
r—rcC r—rcC

r—cC

by Law (1). Assume that a # 0. Let € > 0. Since €¢/|a| > 0 and lim,_,. f(x) = L, there exists
some 0 > 0 such that |f(z) — L| < €/|a]. Now,

€

lal - [f(x) = L] < — - al.

|al

implies that |af(x) —al| < e.

Proof of Law (3). Let € > 0. Then there is some §; > 0 such that 0 < |z — ¢| < §; implies
that |f(z) — L| < €/2, and there is some 0 > 0 such that 0 < |z — ¢| < 0y implies that
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lg(x) — M| < €/2. Choose § = min{dy,d2}. Suppose that 0 < |x —¢| < 6. Then, by the Triangle
Inequality (see §1.6),

|(f(2) + 9(x)) = (L + M)]| = [(f(x) = L) + (9(z) — M)

<1f() — L+ lg(e) = M| < £ +

€
— =€,

2
and
|((2) = g(@)) = (L = MD)| = |(f(x) = L) + (M — g(=))]
< |f(x) = LI + [M — g(z)]
= |f(x) — L| +|g(z) — M| <§+§:e.

Proof of Law (4). Let € > 0. There exists a 6; > 0 such that 0 < |z — ¢| < §; implies
|f(x) — L| <1, ady > 0 such that 0 < |z — ¢| < Jy implies

€/2
L < —L=
@) = Il < T
and a 03 > 0 such that 0 < |x — ¢| < J3 implies
€/2
- M| < —-.
o) — M| < 2

Choose § = min{dy, da,03}. Suppose that 0 < |z — ¢| < §. From |f(z) — L| < 1 we obtain
|f(x)| < |L|+ 1, and thus

[f(2)g(x) = LM| = [f(x)g(x) = f(x)M + f(z)M — LM]|
= [f(@)(g(x) — M) + M(f(x) — L)]
< [f(@)|-lg(x) = M|+ [M]-|f(z) = L]

€/2 €/2
< (|L|+1)- + | M| -
(IL1+1) L] +1 [M] M| +1
<€/2+¢€/2=c¢

Proof of Law (5). First it will be proved that lim,_,.1/g(z) = 1/M for M # 0. Let € > 0. Since
lim,_,. g(z) = M there exists some d; > 0 such that
|M]

2 )
which in turn implies |M| — |g(z)| < |M|/2 and hence |g(z)| > |M|/2 > 0. Also there exists
some 0y > 0 such that

O0<|z—c|<d = |glx)—M|<

2

M
O0<|z—c|l<dy = ]g(x)—M|<76.

Choose 0 = min{dy, d2}. Suppose that 0 < |x — ¢| < §. Then

M? M
9(@) — M| < M _ ag. 2

5 7<€|M|'|g($)|,
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so, since |g(z)| > 0,

g(x) —
ekt
and finally
1 1
@ - M’ < €.
Therefore lim, . 1/g(x) = 1/M, and since lim,_,. f(x) = L, by Law (4) we obtain
. [z : 1 1 L
i =l 1@ o) =25y = 5y

Proof of Law (6). This law is easily proven using Law (4) and induction. The base case, when
n =1, is already given:

lim[f(z)]' = lim f(z) = L = L*.

Tr—cC Tr—cC

Now let n be an arbitrary positive integer and suppose that lim, ,.[f(x)]™ = L". Then

lim[f(2)]"* = lim([f(x) - (£(2))"] = lim f () - lim[f (2)]" = L - L" = L™+

Tr—cC Tr—cC Tr—cC Tr—cC

by Law (4). |

To prove Law (7) we need Proposition below, along with the fact that lim,_,, ¥/z = ¥/c
for any integer m > 0, where ¢ € (—o00,00) if m is odd and ¢ € (0, 00) if m is even. The latter
fact isn’t proved until Chapter 7, so the definitive proof of Law (7) will have to wait until then.

Exercise. What is wrong with the following “proof” of Law (7)?
Let m > 0 be an integer, and assume f(z) > 0 for all x near ¢ if m is even. Now, employing
Law (6), we have

L=tim fo) =l [5@) | = [m 9]
Now, taking mth roots throughout, we obtain
VE= [ 970] " =1 VI

as desired. [ ]

Corollary 2.13. Let lim, ,.+ f(z) = L and lim,_,.+ g(x) = M for some L, M € R. Then Laws
(1)-(6) of Theorem [2.19 all hold with lim,_,. replaced with lim,_,.+. Law (7) changes as follows:

lim §/f(x) = {/L = 7/Tim f()

T—ct

for any integer m > 0, provided there exists some v > 0 such that f(x) > 0 for all x €
(e,c+ )N Dom(f) if m is even.
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Corollary 2.14. Let lim, ,.- f(x) = L and lim,_,.- g(x) = M for some L, M € R. Then Laws
(1)-(6) of Theorem all hold with lim,_,. replaced with lim,_,.~. Law (7) changes as follows:

lim {/f(2) = §/L = »/Tm f(x)

T—Cc

for any integer m > 0, provided there exists some v > 0 such that f(x) > 0 for all x €
(¢ —~,c) N Dom(f) if m is even.

Lemma 2.15. For any c € R, lim,_,.x = c.

Proof. Let € > 0. Choose § = € and suppose that 0 < |z — ¢| < §. Then we obtain |z — | < €
and we're done. |

Proposition 2.16. Suppose that f and g are polynomial functions. If ¢ € R, then
1. lim f(x) = f(c)
Tr—rcC

2. lim /() /a(x) = £(c)/a(c) if a(c) # 0.

Proof. (1) Since f is a polynomial function there exists some integer n > 0 and real numbers
ag, . . ., a, such that

f(x) = apa"™ 4+ ap 12" 4 a4 ag
for all x € R.
Let ¢ € R be arbitrary. Referencing the laws given by Theorem [2.12]

fle) = anc" + an_1c" '+ +aic+ ag

n n—1
= a, (lim x) + p1 <lim x) + -+ aplimax + ag (Lemma [2.15)
Tr—rC Tr—rC Tr—c
=a, ima™ + a,_1 lim 2" ' 4+ - -+ 4+ aq im x + ag (Law 6)
Tr—cC r—c r—rcC

= lima,z" + lima,_12" ' + -+« + lim a1z + lim ag (Laws 1,2)
r—rc r—rc Tr—rcC Tr—rcC

= lim (anx” +ap 12" N ar + ao) (Law 3)
r—c

= lim f(x).
Tr—cC

This proves part (1) of the theorem []
(2) Suppose that g(c) # 0. Since lim,_,. f(z) = f(c) and lim,_,. g(z) = g(c) by part (1), we
obtain

floy Ml f)

o) mgle) St gla)
where the second equality follows from Law 5. This proves part (2) of the theorem. |

Y

5A common practice is to execute the steps in the reverse order, which is a flawed approach since we would
possess no a priori knowledge of whether the limits we are working with actually exist, and so use of Theorem

would not be justified.
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Proposition [2.16| enables us to evaluate polynomial and rational functions by “direct sub-
stitution,” without having to craft an e-0 argument as in the previous section. This greatly
streamlines our labors, as the next example demonstrates when compared with the way the
same limit was treated in Example [2.5

Example 2.17. Evaluate
lim(2? + 2 — 12).

r—2

Solution. By Proposition [2.16| we substitute 2 for x to obtain
lim(2? + 7 —12) =22 +2 - 12 = —6,
T—2

and we’re done. [ ]

The following theorem will enable us to evaluate some limits lim,_,. f(z) when ¢ is not in
the domain of f.

Theorem 2.18. Suppose lim, . p(x) = L for some ¢, L € R. If ¢ is a limit point of Dom(f), and
there exists some v > 0 such that f(x) = ¢(x) for all x € Dom(f)N B! (c), then lim, . f(z) = L.

Proof. Let € > 0. Since lim,_,. p(z) = L, there is some dy > 0 such that, for any z € Dom(p),
O0<|z—c|<dy = |p(x)—L|<e (2.6)

Choose 6 = min{dy, v}, let € Dom(f), and suppose that 0 < |x — ¢| < §. Then we have
0 < |z — ¢| < dy, and we also have 0 < |z — ¢| < 7 so that

x € Dom(f) N B.(c)

and hence f(x) = ¢(x). This shows that 2 € Dom(p), and since 0 < |x — ¢| < dy also, it follows
by (2.6) that |p(z) — L| < € and hence |f(x) — L| < e. Since € > 0 is arbitrary, we conclude
that lim,_,. f(x) = L. [ |

In the statement of Theorem [2.18|it is understood that ¢ is a limit point of the domain of ¢,
since otherwise the hypothesis lim, . ¢(x) = L makes no sense.

Example 2.19. Evaluate the limit

22— 21+ 27
lim 5 )
z—9 xr? — 9z
Solution. For convenience define
2x2 — 21z + 27

Now, for any z # 0,9, we have
f(x) 202 =21z +27 (2 —-3)(x—9) 2x-3
€Tr) = = = .
2 — 9z x(z —9) x
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It’s important to bear in mind that the last equality is justified only if = does not equal 0 or 9!
If we define
20 — 3

g(z) = —

then it is clear that f(z) = g(z) for all z € (—00,0) U (0,9) U (9, 00), and in particular for all
z € (9—,9) U (9,9 +~) for sufficiently small v > 0 (for instance we could let v = 1). Since

2z — 2(9) —
lim g(x) = lim =3 _ (9) 3_92

z—9 z—9 xT 9 3
by Proposition [2.16] it follows that
. 222 21z +27 i 5
:1E1—>r% 2 — 9z B }:grfl)f(x) N alslgsl)g(x) )
by Theorem [2.18 [ |

Example 2.20. Evaluate the limit

| V2x2425-5
im .

z—0 1:2

Solution. Letting

Fla) = V2zx? +225 — 57

T

observe that for any x # 0

V212 +25-5 V222+25+5 (222 +25) — 25
72 V2r2 42545  22(\/212 + 25+ 5)
222 2

T 2(V2R 1 2545) Verr 12545

fx) =

Thus if we let
2

x = Y
90 = AT B+ 5
then f(z) = g(x) for all z € (—00,0) U (0, 00), and so

xli% 332 _mlir(l] v —wlir(l)g.f _1%1/2172—{—25—}-5
- Jim (2) 2
liII(l](\/ 202 + 25 + 5) hm V2x? 425 + hm(5)
T—

2

1
hrr(1)(2$2+25)+5 V20002 +25+5 5
T—

by Theorem [2.18| appropriate limit laws, and finally Proposition [2.16| |
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FIGURE 3.

FIGURE 4.

In Figure 3| the graph of the function f in Example looks much as it should. However,
if we zoom in enough on the point (0, %) the graph will appear to become extremely erratic
such as in Figure dl The zig-zagging behavior is not a property of f, but rather an artifact of
rounding errors! This phenomenon highlights one of the pitfalls of evaluating the limit of a
function simply by examining the function’s graph.

Sometimes the limit of a function is problematic to deal with directly, but it may be possible
to bound the function between two other functions whose limits are straightforward and equal.
When that’s the case we can employ the following.

Theorem 2.21 (Squeeze Theorem). Let ¢ € R be a limit point of Dom(f). Suppose there
are functions ¢ and ¢, and some v > 0, such that

p(r) < flz) < ()
for all x € Dom(f) N B/ (c). If
lim p(a) = lim (2) = L

for some L € R, then
lim f(x) = L.

Tr—C

Proof. Suppose that ¢(x),9¥(z) - L € R as x — ¢. Let € > 0. Since lim,,. p(x) = L, there
exists some d; > 0 such that, for any € Dom(y),

0<|z—c|<d implies |p(z) — L| <e.
Since lim, . ¥ (z) = L, there exists some d; > 0 such that, for any € Dom(v)),

0 < |z —c| <dg implies |¢(z)— L] <e.
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Choose § = min{~,d;,d>} and suppose x € Dom(f) is such that 0 < | — ¢| < §; that is,
x € Dom(f) N Bj(c). Since Bj(c) € B.(c), it follows that x € Dom(f) N B! (c), and therefore
o(x) < f(z) < ¢(x) holds. Moreover we have

O0<|z—c|<d and 0<|z—c| <d
since § < 01,09, and so
—e<yp(r)—L<e and —e<y(x)—L<e (2.7)

both hold. From ¢(x) < f(z) < ¢(x) we obtain
ple) — L < flx) - L <¢(x) - L,

which together with gives
—e < f(x) — L <e,
or equivalently |f(z) — L| <e.
We have now shown that, for any € Dom(f), 0 < |z — ¢| < ¢ implies |f(x) — L| < ¢, and
therefore

lim f(z) =L

r—c

as desired. [ ]

Example 2.22. Let f(z) = xsin(1/z) and consider the limit lim,_,o f(x). In Figure |5 we see
that the graph of sin(1/z) becomes wildly oscillatory in the neighborhood of x = 0, and so we
might expect that lim, .o f(z) does not exist. But we shouldn’t despair too quickly.

For all x € (—00,0) U (0, 00) we have —1 < sin(1/x) < 1, and hence

1
—Jz| < xsin(—) < |x|.
x

Now, since lim, o |z| = 0 and lim, ,o(—|z|) = —lim, .o |z| = 0, by the Squeeze Theorem we
conclude that )

lim xsin(—) =0

x—0 €x
as well. n

Proposition 2.23. Let L € R. Then
lim f(z) = L if and only if lim f(c+ h) = L.
T—C h—0

Y

FIGURE 5. The graph of sin(1/z).
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Proof. Suppose that lim, . f(x) = L. Let € > 0. Then there exists some § > 0 such that
0 < |z —¢| <6 implies | f(z) — L| < €. Suppose that 0 < |h| < J. Then we have

0<|(c+h)—c| <9,

and hence |f(c+ h) — L| < e. We have now shown that for every ¢ > 0 there exists some 6 > 0
such that 0 < |h| < § implies |f(c+ h) — L| < €, which is to say limy,_,o f(c+ h) = L.

For the converse, suppose that limy,_,o f(c+h) = L. Let € > 0. Then there exists some § > 0
such that 0 < |h| < ¢ implies that |f(c+ h) — L| < e. Suppose that 0 < |z — ¢| < d. Then we
have

e+ @—e)— Ll <e

and thus |f(z) — L| < e. Therefore lim,_,. f(z) = L. [ |
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2.4 — INFINITE LIMITS

An infinite limit is a limit that equals either +00 or —oco. Thus an infinite limit is a kind
of limit that does not exist in the sense that it does not equal a real number, but at least some
information is conveyed about the reason for the nonexistence. The precise definition for what
it means for a limit to equal +00 or —oo follows.

Definition 2.24. Let f be a real-valued function, and let ¢ € R be a limit point of Dom(f). We
say f has limit 400 at c, written
lim f(z) = 400,

Tr—cC

if for all a > 0 there exists some § > 0 such that, for any x € Dom(f),
O<|z—c|<déd = f(z)>a
We say f has limit —oo at ¢, written

if for all a > 0 there exists some § > 0 such that, for any x € Dom(f),
O<|z—c|<d = f(z)<—a.

There are one-sided versions of the above definitions. For instance, lim, .+ f(z) = 400
means that, for any o > 0 there is some 0 > 0 such that = € (¢,c+ §) implies f(x) > « for all
x € Dom(f).

Example 2.25. Prove that
25

e T
Preliminary Analysis. By Definition we must show that, for any o > 0, there is some
d > 0 such that 0 < |z — 3| < ¢ implies

25
— > qQ. 2.8
However,
25 25 5
———>a & (r-30°<— & |[zr-3<—
e e @3 o o<
so in particular we must find some § such that |z — 3| < § implies |z — 3| < 5/y/a. Clearly we
should choose § = 5/y/a. With this in mind, we proceed with the proof. |

Proof. Let a > 0. Choose § = \/ia, and suppose 0 < |x — 3| < §. Then |z — 3| < 5//a follows,
and as seen in the preliminary analysis this implies that (2.8]) holds. This finishes the proof. W

If ¢ is a limit point of Dom(f), then f is said to have vertical asymptote = = c if
lim |f(z)] =400 or lim |f(z)| = +oc.
T—rc™ r—ct

There is no theoretical limit to how many vertical asymptotes a function may have. Recall that
the tangent function in trigonometry has an infinite number of vertical asymptotes.
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-3 2 l"
FIGURE 6.
Example 2.26. Consider the function
> +x—6
Factoring the numerator and denominator, we obtain
x—2)(x+3
fla) = L2 23)
(x —2)(x+1)

which makes clear that the domain of f is D = (—o0,—1) U (—1,2) U (2,00). By Proposition
[2.16]2) we find that
-2 3
lim f(z) = le=2)(c+3)
A = e
for all ¢ € D, and so the only remaining candidates for a vertical asymptote of f are z = 2 and
x = —1. However, for all z € B{(2) we have
(x—=2)(x+3) x+3
(x—2)(z+1) x+1
and so by Theorem and Proposition [2.16{2) we obtain
r+3 243 5

eR

(2.9)

li = li =—— =_.
This shows that lim, 5 |f(z)] # +o0, and thus x = 2 is not a vertical asymptote of f.
Finally we turn to z = —1. Equation (2.9) holds also for x € B}(—1), and so

: I ]
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by Theorem [2.18] This limit does in fact equal 400, for as x approaches —1 we find that the
numerator |z + 3| approaches 2 while the denominator |x + 1| approaches 0 from the right.
We can make this rigorous. Let a > 0 be arbitrary. Choose § = min{1,1/«a}. Suppose
x € Dom(f) is such that 0 < |z + 1| < J. In particular this implies that |z 4+ 1| < 1, which is to
say 1 < 43 < 3 and hence |z + 3| > 1. Now,
|z + 3|

1 1
O<|z+1<d = [z+]1l<—- = ——>a = —— >a,
o |z + 1] |z + 1

and so |f(z)| > a. In accordance with Definition this proves that
lim |f(z)] = +o0,
z——1

and therefore x = —1 is the only vertical asymptote for f.

A graph of f is shown in Figure [0, with the vertical asymptote depicted as a dashed line. Tt
can be seen that, in particular, f(z) - —oco0 as ¢ — —17, and f(x) = +oc as x — —17. At
the point (2, g) there is merely a hole in the graph. |
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2.5 — LiMITS AT INFINITY

We now consider what happens to the value of a function f as x grows without bound toward
either +00 or —oo, which is known as a limit at infinity.

Definition 2.27. Let f be a real-valued function, L € R, and suppose there exists some v > 0
for which (y,00) C Dom(f). We say the limit of f(x) as x approaches +oo is L, written
lim f(z) = L,

T—r 00

if for every € > 0 there exists some 3 > 0 such that x > [ implies that |f(z) — L| < e.
Now suppose (—oo,—v) € Dom(f) for some v > 0. We say the limit of f(z) as x
approaches —oo is L, written
lim f(z) =L,

T—r—00

if for every e > 0 there exists some > 0 such that x < —f implies that | f(x) — L| < e.
A function f is said to have horizontal asymptote y = L if
lim f(x)=L or lim f(z)=L.
Tr—00 Tr——00
A function can have at most two horizontal asymptotes.

Example 2.28. Determine the horizontal asymptotes, if any, of the function f given by

Va2 +2x+6-3
f(z) = :

2v —1

Solution. Recall that in general V22 = |z|. Now, when z — oo we have > 0, so then Va2 = x
and we obtain

Va2 +2r+6—3 x\/142/x+6/2%—3

li = li = li
. V1+2/w4+6/22=3/x VI+0+0-0 1
T 2500 2—1/x - 2—0 2

On the other hand x — —oo implies x < 0, so then V22 = —x and we obtain

Va?+2x+6-3 —z/1+2/x+6/22—3

lim f(z)= lim lim
T——00 T——00 2x — 1 T——00 2¢ — 1
i —V1+2/a+6/22 -3/  —v1+0+0-0 _ s
T——00 2—1/x 2—0 2
Hence the horizontal asymptotes of f are y = % and y = —%.

A graph of f is shown in Figure [7, with the horizontal asymptotes depicted as dashed lines.
As can be seen, it is entirely possible for the graph of a function to cross one of its horizontal
asymptotes. |

The following proposition informs us that a limit at infinity, when it exists, is always
equivalent to a one-sided limit at 0.
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Y,

FIGURE 7.

Proposition 2.29. For any function f and L € [—o00, 00],
lim f(z) =L if and only if lim f(1/z) =L,
z—0+ T—00

and
lim f(z) =L if and only if EIP f(1/x) = L.

z—0~

Proof. It will suffice to prove only the first biconditional statement, since the proof of the
second one is much the same.

First assume that —oo < L < oo. Suppose lim,_,o+ f(z) = L, and let € > 0. Then there
exists some ¢ > 0 such that 0 < = < ¢ implies that |f(z) — L| < e. Choose § = 1/4, and suppose
that > . Then x > 1/§ > 0, whence 0 < 1/x < ¢ obtains and we get |f(1/x) — L| < e. Thus
lim, o f(1/x) = L.

For the converse, suppose that lim, ., f(1/z) = L, and again let € > 0. Then there exists
some [ > 0 such that x > [ implies that |f(1/x) — L| < e. Choose 6 = 1/f3, and suppose that
0<x<d. Then 0 < 1/6 = < 1/z, whence we obtain

f(@) - L] = 'f(ﬁ)—L' <e

and thus lim, .o+ f(z) = L.

Now we consider the case when L = co. Suppose lim, g+ f(z) = 00, and let @ > 0. There
exists some § > 0 such that 0 < x < ¢ implies that f(z) > a. Choose f = 1/§, and suppose
that © > . Then = > 1/§ > 0, whence we get 0 < 1/x < ¢ and so f(1/x) > a. Thus
lim, o f(1/2) = 0.

For the converse, suppose that lim, .., f(1/x) = 0o, and let o > 0. There exists some 3 > 0
such that z > § implies that f(1/z) > a. Choose § = 1/, and suppose that 0 < z < 0. Then
0<1/6 =p < 1/z, whence we obtain

f(z) = f(l/ix) >a.
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Thus lim,_,o+ f(z) = o0. [ |

Because of this proposition we can assume that all the properties of limits given in §2.3
also apply to limits at infinity. For instance, if lim,_,,, f(x) and lim,_,., g(x) exist, then with
Proposition [2.29] and Theorem we find that

lim [f(z)g(z)] = Tim [f(1/2)g(1/2)] = Tim f(1/z)- lim g(1/z) = lim f(z)-lim g(z),

T—r00

which is the analog of Law (4) in Theorem [2.12] For the sake of completeness we state the
following proposition, which could also be proved directly using Definition [2.27] in much the
same manner that Theorem [2.12) was proved using Definition [2.3]

Proposition 2.30. Laws (1) through (6) given by Theorem[2.13 are valid in the cases when
¢ = to00. If ¢ = oo, then Law (7) holds provided there’s some v > 0 such that f(z) > 0 for all
x >y. If c = —00, then Law (7) holds provided there’s some v > 0 such that f(z) > 0 for all
T < —7.

The next proposition imposes certain conditions on a function f that ensure that lim, ., f(x)
exists in R. There is, however, no shortage of limits at infinity that exist for functions that do
not satisfy the proposition’s nondecreasing assumption. We make no use of the proposition
until §8.6.

Proposition 2.31. Suppose that f is a nondecreasing function on (a,o0); that is, f(xs) > f(x1)
for all 1,z € (a,00) such that xo > x1, . If f is bounded above on (a,o0), then lim, . f(2)
exists in R.

Proof. Suppose f is bounded above on (a,0), so there exists some 0 < o < oo such that
f(z) < aforall x € (a,00). Then S = {f(x) : z > a} is a subset of R that is bounded above,
and by the Completeness Axiom there exists some 8 € R such that sup(S) = 5. (That is, S has
a least upper bound in R.)

Let ¢ > 0. Since (8 is the least upper bound for S, there exists some 7 > a such that
f(y) > B — €. Then, since f is nondecreasing on (a,00) we find that f(z) > f(y) > 8 — € for
all x > v, and also f(z) < § for all x > v since f is an upper bound for S. Combining these
results gives |f(z) — | < € for all x > .

Thus for each ¢ > 0 there exists some v > a such that |f(z) — 8| < € whenever x > 7.
Noting that we can always let v > max{a,0} to ensure that v > 0, it follows immediately from
Definition [2.27] that lim,_,« f(z) = 8. Because J is a real number we conclude that lim,_,~ f(z)
exists in R. |

Corollary 2.32. Let f be nondecreasing on (a,00). If lim,_, f(z) does not exist in R, then
lim, o f(z) = o0.

Proof. Suppose lim, ,, f(z) does not exist in R. Fix o > 0. By the contrapositive of
Proposition f is not bounded above, and so there exists some v > a such that f(vy) > a.
Then, since f is nondecreasing, f(x) > « for all z > 7. Therefore lim, ., f(z) = occ. [ |
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Aside from vertical and horizontal asymptotes there are also linear asymptotes that have
real slope m # 0. A function f is said to have slant asymptote y = mz + b if

mh_}rgo‘(mx%—b) — f(z)] =0 or xli)r_r;’(ma:+b) — f(z)| =0.

An alternate means of expressing the limit at left is to write f(z) — mx + b as * — oo, while
the limit at right may be written as f(x) — mxz +b as x — —oo. It is a fact that letting m =0
in our definition of a slant asymptote would give us an alternate (but equivalent) definition of a
horizontal asymptote. A function can have no more than two asymptotes that are not vertical
asymptotes.

Given a polynomial function p, recall that the degree of p (denoted by deg(p)) is defined to
be the highest power of x in the expression p(x). Thus the degree of 4z — 722 is 2, the degree of
32° — 223 + 9 is 5, and so on.

The following theorem addresses all possible manners in which a rational function, in
particular, may or may not have a horizontal or slant asymptote.

Theorem 2.33. Suppose p and q are polynomial functions, so that p/q is a rational function.

1. If deg(p) < deg(q), then p(z)/q(x) — 0 as v — Fo0.

2. If deg(p) = deg(q), with A and B being the lead coefficients of p(x) and q(x), then
p(z)/q(x) = A/B as x — £o0.

3. If deg(p) = deg(q) + 1, with max + b being the quotient of the division p(x)/q(x), then
p(x)/q(x) = mx +b as x — £oo.

4. If deg(p) > deg(q) + 1, then p/q has no horizontal or slant asymptote.

Example 2.34. Find all asymptotes of the function
33 —22% + To + 1
flz) = 3 :
20—z +1

FIGURE 8.
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Solution. Since 22% — z + 1 can be rewritten as 2(x — )? + £, the denominator of f(x) cannot
equal zero for any real x and hence the domain of f is (—oo,00). In particular this means f
has no vertical asymptotes.

Next we observe that the degree of the polynomial in the numerator of f(x) is 3 while the
degree of the polynomial in the denominator is 2. Since long division gives

303 — 222+ Tr + 1 Z(gx—l)—}- %LE—{—%
202 —x + 1 2 4 202 —x + 1’

we conclude by part (3) of Theorem that y = %x — i is a slant asymptote of the rational

function f, and it is the one and only asymptote that f possesses. The graph of f and its
asymptote is given in Figure [§ [ |

The next example features a function that has slant asymptotes (in fact its graph is part of
a hyperbola), but since the function is not rational no use can be made of Theorem m

Example 2.35. Find all asymptotes of the function

flx) =3/ %2 - 1L

Solution. Polynomials have no vertical asymptotes, and since f is the square root of a
polynomial, it too has no vertical asymptotes. However, upon rewriting f(z) as

3 4

it appears plausible that f(x) — 3|z|/2 as © — +oo, since /1 —4/2?2 — 1 as * — +o0.

Specifically, it appears that the graph of f approaches y = %x as r — oo, and y = —%x as

H‘

FIGURE 9.
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r — —o00, and so y = i%x are likely slant asymptotes for f. This must still be shown by
working with our definition of a slant asymptote. We have

e .13 3 4 .3
lim |5 = ()| = lim | S = Say/1 = 51 = lim = /1 — /2]
.03 |1=y/1—=4/z? 14 /1—4/x?
= lim —x .
, 3x 4/z*
= lim | —-
oo \ 2 14 4/1—4/x?
— lim 6/ —0,
=00 | 4 (/1 —4/x?
and hence y = %x is indeed a slant asymptote of f. Similarly, since |x| = —z when z — —oc0,
we have
. 3 . 3 3 4
and hence y = —%a: is also a slant asymptote of f. There is no horizontal asymptote, since a

function cannot have more than two asymptotes that are not vertical. Therefore the asymptotes
of farey = j:%x. The graph of f, which has domain (—oo, —2] U [2, 00), is shown along with
its asymptotes in Figure [9] [ |
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2.6 — CONTINUITY

The following is the definition of continuity of a real-valued function f of a single real variable
that will be used throughout these notes.

Definition 2.36. Let ¢ € Dom(f). Then f is continuous at c if for all ¢ > 0 there exists
some 0 > 0 such that, for any x € Dom(f),

lt—cl<d = |f(z)— flo)] <e.

Given a set S, we say f is continuous on S if it is continuous at each x € S. A continuous
function is a function that is continuous on its domain.

If a function is not continuous at some point c¢ in its domain, then we say the function is
discontinuous at c. A careful reading of Definition should make clear that a function is
discontinuous at any point that is not in its domain!

Theorem 2.37. Let ¢ be a limit point of Dom(f). Then f is continuous at ¢ if and only if
lim f(z) = f(c).

Proof. Suppose f is continuous at ¢. Then for all € > 0 there exists some § > 0 such that, for
any = € Dom(f),

lt—cl<d = |f(x)— flo)| <e
Since

O<l|z—c|<d = |z—c| <9,

we now have the following: ¢ is a limit point of Dom(f), and for all € > 0 there exists some
0 > 0 such that, for any z € Dom(f),

O0<|z—cl<d = |f(z)— flo)] <e

Therefore

lim f(x) = f(c)

Tr—rcC
by Definition [2.3]
For the converse, suppose that f(z) — f(c) as x — ¢. This immediately makes clear that
¢ € Dom(f), and since |f(z) — f(c)| = 0 when x = ¢, it follows that for all € > 0 there exists
some 0 > 0 such that, for any = € Dom(f),

1 —c[ <0 = [f(z)=-flo)] <e

Therefore f is continuous at c. ]

It is often said that a function is continuous if its graph can be drawn without lifting the pen,
but there are many continuous functions with graphs that consist of two or more disconnected
pieces! This occurs whenever a function is continuous on its domain, but the domain consists of
two or more disjoint intervals of real numbers. Such functions are not hard to come by: consider

flz)=1/x.
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Theorem 2.38. Suppose that functions f and g are continuous at c. Then the following
functions are also continuous at c:

1. af for any a € R.

2. [+9.[—9. [y

3. f/g provided that g(c) # 0.

4. f™ for any nonzero integer n, provided that f(c) # 0 if n < 0.

Proof.
Proof of Part (1). Let a € R. Since f is continuous at ¢ we have lim,_,. f(z) = f(c) € R. By
Theorem [2.12(2)

lim(af)(x) = lim af(z) = alim f(z) = af(c) = (af)(c),

Tr—C r—c r—c

which shows that af is continuous at c.

Proof of Part (2). We have lim, . f(x) = f(c) € R and lim, . g(x) = g(c) € R. By Theorem
5.12(3)
lim(f £ 9)(z) = Limn{(2) £ g(a)] = lim (2) £ lim g(x) = F(€) & (c) = ( + ).

Tr—cC r—C

which shows that f + g and f — ¢ are continuous at c. The proof that fg is continuous at c is
similar and uses Theorem [2.12{4).

Proof of Part (3). Suppose g(c) # 0. Since lim,_,. f(x) = f(c) € R and lim,,. g(z) = g(c) € R,
by Theorem [2.12{5)

| o f@) ImF@ e
}g%(f/g) (z) = ilgi g(x) ~ lim g(x) B g(c) = (f/9)()

which shows that f/g is continuous at c.

Proof of Part (4). Suppose that n is a positive integer. Since lim,_,. f(z) = f(c¢) € R, by
Theorem [2.12(6)
lim /" (@) = lim(f(@)]" = Tim f(2)] = [F(]" = (o)

Tr—C T—rC |: Tr—C
and so f" is continuous at c if n is positive.
Now suppose that n is a negative integer and f(c) # 0. Then f~"(c) # 0, and so by Theorem
2.12(5) and [2.12(1), along with the observation that —n is a positive integer, we obtain

lim f"(z) = lim = = = f"(c).
r—C ( ) T—C ffn(ai) iLHif ([E) fﬁn(C) ( )
Hence f™ is continuous at c if n is negative. |

Corollary to Theorem [2.38| are similar theorems in which the word “continuous” is replaced
by “continuous from the right” or “continuous from the left”.
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Theorem 2.39. If g is continuous at ¢ and f is continuous at g(c), then f o g is continuous at
c.

Proof. Suppose g is continuous at ¢ and f is continuous at g(c). Fix € > 0. Since f is continuous
at g(c), there exists some v > 0 such that, for all y € Dom(f),

ly—glo)l <v = |f(y) — flg(c))] <e (2.10)

Since g is continuous at ¢, there exists some 0 > 0 such that, for all z € Dom(g),
[z —cl <0 = |g(z) —glo)] <. (2.11)

Let € Dom(f o g), so that 2 € Dom(g) and g(x) € Dom(f). Suppose that |x — ¢| < §. Then
|f(z) — f(c)] <~ by (2.11), and since g(z) € Dom(f) it follows from (2.10]) that

| f(g(x)) — f(g(c)] <e
That is,
I(fog)(x) — (fog)c)| <e,

and therefore f o g is continuous at c. |

Lemma 2.40. If f is continuous at b, b is an interior point of Dom(f), and lim,_,.g(x) =,
then ¢ is a limit point of Dom(f o g).

Proof. Suppose f is continuous at b € Int(Dom(f)), and g(x) — b as x — ¢. Let v > 0 be
arbitrary. Since b is an interior point of the domain of f, there exists some ¢ > 0 such that
B(b) € Dom(f). Now, because lim,_,. g(z) = b, we know that c¢ is a limit point of Dom(g),
and there exists some 0 < 0 <  sufficiently small such that, for all z € Dom(g),

O<|z—c|<d = |g(x)—b|<e.

That is, € Dom(g) N Bj(c) implies g(z) € B.(b) C Dom(f), and hence = € Dom(f o g) since
x € Dom(g) and g(z) € Dom(f). This establishes that

Dom(g) N B§(¢) € Dom(f o g).
Observing that Bj(c) C B (c) since § < 7, we then obtain
Dom(g) N B;(c) € Dom(f o g) N B.(c).

Recalling that ¢ is a limit point of Dom(g), it follows that Dom(g) N Bj(c) # @, and hence
Dom(f o g) N B/(c) # @ as well. Since v > 0 is arbitrary, we conclude that c¢ is a limit point of
Dom(f o g). ]

Proposition 2.41. Suppose that f is continuous at b, where b is an interior point of Dom(f).
If lim, . g(x) = b, then

lim(f o g)(x) = f(b). (2.12)

Tr—cC
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Proof. Suppose that g(z) — b as x — ¢. By Lemma it is known that ¢ is a limit point of
Dom(f o g), which is necessary (but not sufficient) in order for the limit to exist. Let
€ > 0 be arbitrary. Since b is an interior point of Dom(f) and f is continuous at b, there exists
some v > 0 such that

[z =bl <7 = [f(x) = f(O)] <e

Additionally, since lim,_,. g(x) = b there can be found some ¢ > 0 such that
O<|z—cl<d = |g(x)—b]<n.

Now, supposing that x is such that 0 < |z — ¢| < 4, it follows that |g(x) — b| < v and hence
[(fog)(z) = fO)l = |f(g(x)) — F(b)] <e.
This shows that lim,_,.(f o g)(x) = f(b). |

The conclusion of Proposition can be written more compellingly as
lim f(g(x)) = f (lim g(x)).
T—cC r—C

so that in effect the proposition provides a means to bring a limit “inside” a function under
certain conditions.

In what follows we define a radical function to be a function f given by f(z) = /z for
some integer m > 2.

Proposition 2.42. For each integer m > 2 the radical function ¥/x is continuous on its
domain.

In the case when m is odd the proof for this proposition is given by Law (7) of limits in
Theorem and in the case when m is even the proof is given by Corollary [2.13] To prove
the next proposition we cannot avoid the reality that the trigonometric functions are defined
in geometrical terms in the standard mathematical curriculum. It is an unfortunate reality
because calculus is analytical in essence, not geometrical. In the chapters to come calculus will
be employed to give more analytical—and general—definitions for concepts such as the “length”
of a curve and the “area” of a region enclosed by a curve. Such definitions may then be used to
make the trigonometric functions less dependent on geometrical notions.

Proposition 2.43. The trigonometric functions sin, cos, tan, csc, sec, and cot are continuous
on theiwr domain.

Proof. We begin by showing the sine function is continuous at 0. Recall that for any t € R the
value of sint is determined to be the y-coordinate of the point p on the unit circle

C1(0,0) = {(z,y) : 2> +9y* =1}

that is reached when traveling a distance of |¢| units on C1(0,0) (counterclockwise if ¢ > 0,
clockwise if ¢ < 0) starting at the point (1,0). Suppose that 0 < ¢ < 7/2, so that the point
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FiGure 10.

p = (z,y) on C1(0,0) is in the first quadrant as shown in Figure and in particular y > 0.
Letting o = (0,0) and a = (1,0), the area of the triangle Aaop is
sint

%(base)(height) _ %(1)@) —1-Tlsy,

while the area of the circular sector bounded by the arc ap and segments oa and op is
t t ,
%(Area of Cl(0,0)) =5 m(1)* = 3

Of course, the area of Aaop is less than the area of the sector since the sector circumscribes
the triangle, which implies that

0<sint<t
2 2

and therefore 0 < sint < ¢ for all ¢ € (0,7/2). Since
lim ¢ = lim (0) = 0,
t—0t+ t—0t
by the Squeeze Theorem we conclude that
lim sint = 0.
t—0+

A nearly identical argument will show that sint — 0 as t — 07, whence we obtain

limsint =0 =sin0
t—0

and therefore sint is continuous at 0.
We now are in a position to show that cosine is continuous at 0. For t € (—7/2,7/2) we have

cost = /1 — sin*(t),

and so by Theorems and
2
lim cost = lir% V1 —sin?t = \/1 — [lir%sint} =v1—-02=1=cos0.
— —

t—0

Therefore cost is continuous at 0.
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Now let ¢ € R. Using Proposition [2.23] the identity
sin(a + 3) = sin(«) cos(3) + cos(a) sin(3),

and Theorems and we obtain

limsint = lim sin(c + h)
t—c h—0

= lim(sin ccos h + cos csin h)
h—0

= ginclim cos h + cos ¢ lim sin h
h—0 h—0

=sinccos0 + coscsin 0
=sinc-1+cosc-0=sinc.

Hence sint is continuous at ¢, and since ¢ € R = Dom(sin) is arbitrary we conclude that the

sine function is continuous on its domain.
Again let ¢ € R. Using Proposition [2.23] the identity

cos(a + ) = cos(a) cos(B) — sin(a) sin(3),
and Theorems and we find that

lim cost = lim cos(c + h)
t—c h—0

= lim(cosccos h — sincsin h)
h—0

= cosc lim cos h — sin ¢ lim sin A
h—0 h—0

= cosccos(0 — sincsin(
=cosc-1—sinc-0 = cosc,

and thus cost is continuous at c¢. From this we conclude that the cosine function is continuous
on its domain.

To show the other four trigonometric functions are continuous on their domain is straightfor-
ward. For instance let ¢ € Dom(tan). Since Dom(tan) is an open set there exists some v > 0
such that I = (¢ —v,¢+ ) € Dom(tan). Observing that cosc # 0 (otherwise ¢ can’t be in the
domain of the tangent function) and tant = sint/ cost for all ¢t € I, we have by Theorems

and [2.12{(5)

_ . sint }51_133 sInt gin e
lim tant = lim == = = tan(c).
t—sc t—c cost limcost cosc
t—c

This shows that tant is continuous at ¢, and therefore the tangent function is continuous on its

domain.
The verification that the cosecant, secant, and cotangent functions are continuous on their

domain is left to the exercises. |
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A careful examination of Proposition should make it clear that polynomial and rational
functions are continuous on their domain. Combining Propositions 2.16], 2.42] and [2.43] we have
the following comprehensive theorem.

Theorem 2.44. Polynomial, rational, radical, and trigonometric functions are continuous on
their domain.

This theorem, together with Theorems and can be used to show that almost all of
the functions dealt with in the study and application of calculus are continuous on their domain.
The foremost exceptions are piecewise-defined functions, as demonstrated in the following
example.

Example 2.45. Determine where the function ¢ given by

() = {\3/21; —1, ifz<ym
o= sin(z?), ifx> /7w

1s continuous.

Solution. First note that Dom(p) = (—o00, 00). Since by Theorem the polynomial function
g(x) = 2z — 1 is continuous at +/m, and the radical function f(z) = ¥z is continuous at

g(v/m) = 2y/m — 1, by Theorem the function
(fog)(w) =V2r—1
is continuous at /7, and so
hmf Vo2r—1=+/2y/m—1
T—r/T0
by Theorem Now,

lim ()= lim V22 —1={/2y/m —1%#0=sin(7) = o(v/7)

T/ T/
shows that

xlir%rso(x) # (V)

and therefore ¢ is discontinuous at /7 by Theorem m

Next, for any ¢ < /7 we have g(x) = 2z — 1 is continuous at ¢ and f(z) = /x is continuous
at g(c) = 2¢ — 1, and so by Theorem (fog)(z) = v/2x — 1 is continuous at c¢. Since
o(x) = (fog)(x) for all x < /7, we conclude that ¢ is likewise continuous at ¢. That is, ¢ is
continuous on (—00, /7).

Finally, for any ¢ > /7 we have g(x) = x? is continuous at ¢ and f(x) = sin z is continuous at
g(c) = %, and so by Theorem[2.39] (f o g)(z) = sin(2?) is continuous at c. Since p(z) = (fog)(z)
for all z > /7, we conclude that ¢ is likewise continuous at ¢. That is, ¢ is continuous on
(v/7, 00).

Therefore ¢ is continuous on (—o0, /7) U (1/7, 00), and discontinuous at /7. In particular
© is not continuous on its domain! |

Theorem 2.46 (Intermediate Value Theorem). Suppose f is continuous on |a,b] and
L € R lies between f(a) and f(b). Then there ezists some ¢ € (a,b) such that f(c) = L.
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Proof. Without loss of generality it can be assumed that f(a) < L < f(b). Define the set
S={x€la,b]: f(x) <L}

Since a € S we have S # @, and so since b is an upper bound for S the Completeness Axiom
implies that there exists some ¢ € R such that sup(S) = c.

Clearly ¢ > a, since a € S and c is an upper bound for S. Also ¢ < b, since b is an upper
bound and ¢ is a least upper bound for S. Therefore ¢ € [a,b] and f(c) is defined. What remains
to show is that f(c) = L.

Suppose that f(¢) > L. Then ¢ € (a,b], and since f is continuous at ¢ there exists some
sufficiently small € > 0 such that f(z) > L for all x € (c—¢€,¢|. Hence z ¢ S forallc—e < x < ¢,
whereas ¢ = sup(S) implies there should exist some xy € S such that ¢ — e < xy < ¢. Given this
contradiction, we conclude that f(c) # L.

Now suppose that f(c) < L. Then ¢ € [a,b), and since f is continuous at ¢ there exists some
¢ > 0 such that f(xz) < L for all x € [¢,c+ €). Hence f(c+€/2) < L, so that ¢c+¢/2 € S and
thus ¢ cannot be an upper bound for S as indicated by ¢ = sup(S). Given this contradiction,
we conclude that f(c) £ L.

Therefore f(c¢) = L, and since L # f(a), f(b) it is clear that ¢ # a, b and thus ¢ € (a,b). If
we assume that f(b) < L < f(a), then —f(a) < —L < —f(b), and since — f is continuous on
[a,b] we may employ the same argument as above to show that there exists some ¢ € (a,b) such
that —f(c) = —L, and thus f(c) = L obtains once more. [ |

Example 2.47. Does there exist a real number that is exactly 1 more than its cube?

Solution. The question is whether there exists some z € R such that z = 23 + 1. If we let
f(xz) = 2> — 2 + 1, then the question becomes whether there exists some x € R such that
f(z) = 0. Since f is a polynomial function it is continuous everywhere, and so in particular is
continuous on [—2,0]. Now, since f(—2) = —5 and f(0) = 1, we see that 0 lies between f(—2)
and f(0), and so by the Intermediate Value Theorem there exists some ¢ € (—2,0) for which
f(c) = 0. That is, c is a real number and ¢ = ¢* + 1. [ |

In the example above we see that the Intermediate Value Theorem can tell us that there
is indeed a real number that is 1 more than its cube, but it cannot tell us what exactly that
number is, or even if it is unique. But knowing that such a number lies somewhere in the
interval (—2,0) should be enough to enable a computer algebra system to determine its value to
whatever degree of accuracy is desired.

Much of the remainder of this section is concerned with the development of theoretical
results that will be employed much later in the text.

Definition 2.48. Given functions f,g: S — R, define fVg:S — R by

(f vV g)(x) = max{f(x), g(x)}
and fANg:S —R by
(f Ag)(x) = min{f(z), g(x)}.

Given a function f, observe that if f(z) > 0 then
(/v 0)(x) = max{(2),0} = f(z) and (~fV0)(z) = max{f(x),0} =0,
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and so
(fVO)(z) = (=fV0) = flz) - 0= f(x);
and if f(z) < 0 then

(fVO0)(z) =max{f(z),0} =0 and (—fVO0)(z)=max{—f(z),0}=—f(z),
and so
(fVO)(z) = (=fV0)=0—[-f(z)] = f(z)

Hence
f=(Vv0)=(=fV0), (2.13)

which expresses f as a difference of two nonnegative functions and so will have great utility in
later mathematical developments.

Proposition 2.49. If f and g are continuous at c, then fV g and f N\ g are continuous at c.

Proof. Suppose that f and g are continuous at ¢. We will assume that ¢ € Int([), since if ¢ is
an endpoint of I the proof will be the same except that two-sided limits will become one-sided.
Let € > 0. Then there exists d;,do > 0 such that

lz—c[<d = [f(z) = flo)] <&
and
v —c| <& = [g(z)—g(c)| <e

Suppose that f(c) > g(c), so that (f V g)(¢) = f(c¢). The continuity of f at ¢ implies that
there is some 03 > 0 such that

[ —c[ <05 = flz)>g(2),

which is to say for all = such that ¢ — 3 < & < ¢+ d3 we have (f V g)(x) = f(x). Choose
d = min{dy, d3}, and suppose that |z — ¢| < 0. Since |z — ¢| < d3 we have (f V g)(x) = f(x),
and since |x — ¢| < d§; we have |f(z) — f(c)| < e. Now,

((FVg)(a) = (fVg)e)l = [f(x) = fle)] <e
Supposing that f(c) < g(c), a similar argument to that above will show that
((f Vg)(x) = (fVg)c)l = lg(z) —gle)| <e.
Finally, suppose f(c) = g(c), so that (f V g)(c¢) = f(¢) = g(c). Choose § = min{dy, d2}, and
suppose |z — c| < 6. If f(x) > g(x), then
((fVg)(x) = (V) =[f(x) = fle)] <€
)

since |z —¢| < 6;. If f(z) < g(z), then

[(fVg)x) = (fVag)e)|=lg(z) —glc)| <e

since |z — ¢| < da.
We have now shown that for every e > 0 there exists some § > 0 such that

[z —cl <0 = [(fVg)(z) = (fVa)l <e
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and therefore f V ¢ is continuous at ¢. The proof that f A g is continuous at ¢ is similar. W
Corollary 2.50. If f is continuous at ¢, then |f| is continuous at c.

Proof. Suppose that f is continuous at c. If f(z) > 0, then

(—=f V f)(z) = max{—f(x), f(z)} = f(2) = | f(2)];
and if f(z) < 0, then

(—=f V f)(2) = max{—f(z), f(z)} = —f(z) = | f(2)].

Thus we have |f| = —f V f, and since f and —f are continuous at ¢, it follows by Proposition
that |f| is also continuous at c. [
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2.7 — ONE-SIDED CONTINUITY

If a function f is not continuous at some point c¢ in its domain, it may still be valuable to
know that it is continuous in a one-sided sense. One-sided continuity at c refers to continuity
at ¢ from either the left or the right of ¢, which we now define.

Definition 2.51. A function f is continuous from the left at ¢ if lim, .- f(z) = f(c), and
continuous from the right at ¢ if lim, .+ f(z) = f(c).
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DIFFERENTIATION THEORY

3.1 — THE DERIVATIVE OF A FUNCTION

Motivated historically by the slope problem that is discussed a little later, there is the
following definition.

Definition 3.1. Let ¢ be an interior point of Dom(f). Then the derivative of f at c is

f/(C) — lim f(.’ll‘) - f(C))
z—c xr —cC
provided the limit exists. If f'(c) exists, then f is said to be differentiable at c. If f'(x) exists
for all x € I, then f is differentiable on I. Finally, if f'(x) exists for all x € Dom(f), then

f s a differentiable function.

The following proposition offers up an alternative but entirely equivalent means of finding
f'(¢) which sometimes is more convenient.

Proposition 3.2. Let L € R. Then f'(c) = L if and only if
fle+h) = f(c)
h

lim

h—0

~ I, (3.1)

and therefore

provided that the limit exists.

Proof. Suppose that f'(¢) = L. Let € > 0 be arbitrary. By Definition there exists some
d > 0 such that 0 < |z — ¢| < § implies that

f(x) = f(c)

r—cC

— L' < e (3.2)
Suppose h is such that 0 < |h| < J. Then 0 < |(c + h) — ¢| < 0 and so, substituting ¢+ h for z

in (3.2), we obtain
V@+m—f@
(c+h)—c

—L‘<e,
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and thus
fle+h) = fle)
h

This verifies equation (3.1]) and thus completes the first part of the proof.
For the converse, suppose that (3.1)) is true. Again let € > 0 be arbitrary. Then there exists
some 0 > 0 such that 0 < |h| < § implies that

fle+h) = [l
h

Suppose that x is such that 0 < |z — ¢| < §. Then, substituting x — ¢ for h in (3.3), we obtain

—L‘<e.

—L

< €. (3.3)

ferem-r ),
r—c
and thus
O CHrP
r—c
This demonstrates that f'(¢) = L, and so the proof is complete. [ |

From a function f, then, we “derive” a new function f’ whose domain consists of all
x € Dom(f) for which f/(x) exists in R. This is why the term “derivative” is used. The process
of finding the derivative of a function is known as differentiation.

Definition 3.3. For a function f, the derivative of f is the function f' given by

f/(I) — lim f(t) — f(fL’)

for all x for which f'(x) € R.

It is customary to let f’ (x) and f’ (x) denote the left-hand and right-hand derivative limit,
which is to say

t—x— — X t—azt t—x
This notation will be used now and again, and more will be said about so-called one-sided
derivatives at the end of the section.

In addition to the “prime notation” that denotes the derivative of f by f’, there is “Leibniz
notation” df /dx and “operator notation” 0, f. Moreover, if we set y = f(z) then we can also
represent f’ by either ¢ in the prime notation or dy/dz in the Leibniz notation. All of the
symbols

a dy
! /

’ ) ) R 8£

Fy dx’ dx /

are used to represent the derivative of f, which is a function. To represent the value of the
function f’ at x, where x is considered to be a variable, there are prime notation symbols such
as
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as well as Leibniz and operator notation symbols such as

df d dy d
@) @] @), @), f@), Slf(@)].

If we wish to indicate specifically the value of f” when x = ¢, in addition to the symbols f'(c)
and y/(c) there are

daf df dy dy
%(C)v % ’ %(C)a % ) arf<c)

Tr=cC Tr=c
One other matter to bear in mind is that in practice (and especially in the study of differential
equations) the symbols 3 and dy/dx are often used to denote f’(z) in the interests of brevity.
Thus the symbols y" and dy/dz have two possible interpretations: they can represent f’ or f’(z),
and only context makes clear which is intended.

Example 3.4. Given f(z) = 23, find f" and its domain.

Solution. Using the limit in Proposition [3.2]

_ 3 .3
h—0 h h—0
. (3 +3ha? + 302z + %) — 2% . 3hx? + 3h%x + h3
= lim = lim
h—0 h, h—0 h

= }Lir%(?,ﬁ + 3hx + h*) = 327 + 3(0)z + (0)* = 32°.
—

The steps taken to evaluate the limit are valid for any x € R, and the result is the real
number 3z®. That is, f/(z) is defined to be a real number for each * € R, and therefore
Dom(f') = (—o0, 00). [ |

In Example , to indicate that the derivative of the function f given by f(z) = 3 is the
function f given by f'(x) = 322, we may simply write
d
dzx
That is, to write (2%)" = 3z? is to state that the derivative of the function z + x? is the function

x +— 3x%. This practice is especially convenient when we are finding the derivative of a function
to which we have not given a name such as f.

(%) =32® or (z%) = 322

Example 3.5. Given f(z) = +/3z + 1, find f’ and its domain.

Solution. Using the limit in Proposition 3.2}

flx+h)— f(x) _ lim V3(@+h)+1—+3z+1

f($)=}lllg(l) h h—0 h
i V3@ +h) +1-V3r+1 /Ble+h) +1+V3x+1
h—0 h V3@+h) +1+3x+1

= lim 3h = lim 3
=0h (B3 h)F L+ VBr+1)  h0\/Ba+h) + 143+ 1
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3 3
VB0 Fl+VBr 1 2Bz +1

So f’is seen to be a function with domain given by

Dom(f') = ={z:32+1>0}=(—3,00).

37

. 3
P =
Contrast this with Dom(f) = [—1/3, 00) to see that, though —1/3 is in the domain of f, the
function is not differentiable there. |

One of the questions that motivated the discovery (some would say invention) of calculus
was the so-called “slope problem.” The question is, given a curve in R? defined by the function
y = f(z), what is the “slope” of the curve at any one of its points (z, f(z))? Equivalently one
might ask what angle the curve makes with the positive z-axis at (x, f(x)), but in any case the
problem is that unless the curve is a line (to say “straight line” is redundant) we should expect
the answer to vary from one point to the next. The issue is not entirely academic. If s = s(t)
gives the position s of an object at time ¢, we shall see in the exercises that the question of the
velocity of the particle at some particular instant in time ¢, amounts to asking for the slope of
the curve defined by s = s(t) at the point (¢g, s(to)). The following definition settles the matter
with the use of derivatives.

Definition 3.6. Let C' be a curve given by y = f(x). The slope of C' at a point (c, f(c)) is
f'(c) provided that f is differentiable at c, in which case the tangent line to C at (c, f(c)) is
given by

y—fle) = flc)(x—o).
If | f.(c)| = oo and | f!.(c)| = oo, then C has no slope at (c, f(c)), and the vertical line x = c is
designated to be the tangent line.

As we might have guessed, a curve y = f(z) has a horizontal tangent line at any point where
f'(c) = 0. If f'(c) does not exist in R and either |f’ (c)| # oo or |f(c)| # oo, then there is no
tangent line at (¢, f(c¢)) whatsoever.

Example 3.7. Find all points, if any, where the curve C' given by y = v/3x 4+ 1 has a slope of
1. At each such point find the equation of the tangent line.

Yy
f
2Ak
N 2 3 7
3 12

FiGURE 11. The tangent line to y = v/3z + 1 at (%, %)
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Solution. Setting y = f(z), in Example it was found that
3
!/
r) = ———.
f'() 23z +1

What must be done is to find all z € Dom(f’') = (—1/3,00) for which f’(z) = 1. This is a
simple matter of algebra:

3 5
——=1 = 2V3r+1=3 = 432z+1)=9 = z=—.
23z +1 ( ) 12

Hence C' has a slope of 1 only at the point (5/12, f(5/12)) = (5/12,3/2), and nowhere else. The
tangent line to C' at (5/12,3/2) is given by the equation

s=1(o- 1)
— =1\ - —
Y73 12/

which simplifies to become y = = + 13/12. See Figure |

There are many ways that a function f can fail to be differentiable at some point ¢ in its
domain, a few of which will now be discussed. Not uncommon is for a function to have a corner,
which is a point ¢ € Dom(f) where f is continuous and f’ (c) and f’ (c) are real numbers, but
f1(¢) # fi(c). Clearly f’ (c) # f'.(c) implies that f’(c) cannot exist. Figure [12(a) depicts a
corner, and Example 3.8 shows that f(z) = |z — 2| has a corner at z = 2.

Yy Y,
f
N
l .
c x
(a) Corner (b) Cusp
) ) f

o/\f/

i

|

|

|

|
C

]
T

C

&‘
&V

(¢) Jump Discontinuity (d) Vertical Tangent Line

FIGURE 12. Some common scenarios in which differentiability fails.
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Another kind of point where differentiability can fail is a cusp, which is defined to be a
point ¢ € Dom(f) where f is continuous, and yet the one-sided derivative limits go to opposite
infinities: either f_(¢) = +oo and fi(c) = —oo as in Figure [12[b), or f_(¢) = —oo and
f+(c) = 400 as in Example Notice that this means f has a vertical tangent line at (¢, f(c)).

Next there is the classic jump discontinuity, as in Figures [I12|c) and [14] which defeats
differentiability as surely as any other kind of discontinuity.

A more subtle scenario where the derivative of a function f fails to exist is at a point (¢, f(c))
that is not an extreme point and yet the function has a vertical tangent line there. Of course, in
light of the old Vertical Line Test no relation that is a function can have a graph that intersects
a vertical line at more than one point, so the only way a function can have a vertical tangent line
and still remain a function is for it to have vertical tangent lines at isolated points. See Figure
[12(d). Are such functions as these very unusual? Not really. In Example the familiar cube
root function f(z) = /z is discovered to have a vertical tangent line at the origin.

Example 3.8. Show that f(z) = |z — 2| is not differentiable at = = 2.

Solution. By Proposition [3.2

F0) = i 1CEN=1C)

so to show f is not differentiable at 2 means to show that the above limit does not exist. We can
do this by showing that the corresponding one-sided limits do not agree. On one hand we have

fC+h) - f2) _ [(2+h) =2~ ]2 -2

hlgg— h B hli(]— h
h —h
= lim 1l = lim — = lim (—1) = —1,

h—0— h h—0— h h—0—

where |h| = —h since h is approaching 0 from the left and therefore h < 0; on the other hand
we have

f2+h) - f2) [(2+h) —2|— ]2 -2

lim = lim
h—0+ h—0+ h
)
\ f
2
!
1+ 0 /
-1 1 2 3 r
)

FIGURE 13. The graph of |x — 2| and its derivative.
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Y,
5 f
f/
-3
% 3 -
9l

FIGURE 14. The graph of %% and its derivative.

ST 1 O _
B hlg(r)h h hlgél*' h hli%h(l) =1

where |h| = h since h is approaching 0 from the right and therefore h > 0. Since limy, ,o- =
—1 # 1 = limy_,o+, it follows that limj_,o does not exist. Therefore f is not differentiable at 2.

Figure (13| shows the graph of both f and f’. Note the corner in the graph of f at z = 2,
and the corresponding jump discontinuity in the graph of f’. It can be seen that

Lo =1 ife <2

f@%_{l,ﬁx>2
so while Dom(f) = (—o0, 00), we have Dom(f’) = (—o00,0) U (0,00). That is, f is differentiable
everywhere except at 2. |

Example 3.9. Show that f(z) = 2?/3 is not differentiable at 2 = 0.

Solution. By definition

which clearly does not exist. In fact f/ (0) = —oo and f’ (0) = 400, so f has a cusp (and hence
a vertical tangent line) at the point (0,0). See Figure [14] |

Example 3.10. Show that
x, ifzrx<2
f@)_{x+L if 2 > 2

is not differentiable at x = 2.

Solution. The function was engineered to be devious. A glance at Figure [15| would seem to
suggest that the slope of the curve given by f must equal 1 at every point on the curve, including
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v,
f
4*
2*
/ !
1 2 3 X

FIGURE 15.

the point (2, f(2)) = (2,2). So shouldn’t f'(z) =1 for all x € (—00,00)? Alas, not quite. We

do have 2+h 2 2+ h)—2 h
i LCFN SR @ER =2 b lim (1) =1,
h—0— h—0~ h h—0- h h—0~
however
T ACR AL RGN PV (Gt ) e ) . WL R (1+1> = 00
h—0+ h h—0+ h h—0+t D h—07+
demonstrates that f’(2) not only fails to equal 1, it fails to exist at all. [ |

Example 3.11. Show that f(z) = ¥z is not differentiable at x = 0, and find f’,

Solution. By definition

t) — v/t 1
f/(0) = lim JO =10 limi = lim =
t—0 t—20 t—0 t t—0 \3/t_2
so f'(0) ¢ R and it’s concluded that f’ is not differentiable at 0. (However, the curve y = f(x)
is seen to have x = 0 as a vertical tangent line at (0,0).)

Next, for any = # 0 we have

00,

f) = @Oy V-V VooV
twr 1 —1 toe x—t tﬁm(%) —(\3/7_5)
= lim V2 ¥t
S (o — V)|(Va ) + Ve (V)]
1
= lim
t—>z<\3/§>2+€’/§\3/1_5+(\3/7?)2
_ 1 L1 g

(Vo) + Ve + (Vo) 30 730
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Yy
f
f/
~1 1 o
FIGURE 16. The graph of /z and its derivative.
recalling the factoring formula v® — v* = (u — v)(u® + wv + v?). Thus it’s seen that f is
differentiable for all x # 0. See Figure [16] |

Any discontinuity at a point in the domain of a function f will preclude differentiability of f
at that point, as the contrapositive of the next proposition makes clear.

Proposition 3.12. If f is differentiable at x, then f is continuous at x.

Proof. Suppose that f is differentiable at z, so  is an interior point of Dom(f), and the limit

exists in R. Now, using limit laws established in §2.3, we obtain
o [ = f@)
lim £(£) = lmnl £(1) — f(2) + f(a)] = lim | TO =Ty g p)
“ti [{4=2 o] i o
= f'(x) - (x — ) + fz) = f(2).
Therefore f is continuous at z. |

The converse of Proposition [3.12] is not true in general. That is, if f is continuous at =z,
it does not necessarily follow that f is differentiable at x. For proof of this one need look no
further than Example [3.§|
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3.2 — RULES OF DIFFERENTIATION

Finding derivatives of functions using Definition [3.1] or the limit in Proposition [3.2] can be
tedious at best and nearly impossible at worst. Fortunately there are properties that may be
employed under most circumstances that reduce the process to a routine calculation.

Theorem 3.13 (Rules of Differentiation). Suppose f and g are differentiable functions at z,
and let ¢ € R. Then the following hold.

1. Constant Multiple Rule: cf is differentiable at x, with
(cf)(z) = cf'(x).
2. Sum/Difference Rule: f + g is differentiable at x, with
(f£9)(z) = f(z) £ g'(z).
3. Product Rule: fg s differentiable at x, with
(f9)'(z) = f(2)d'(z) + f'(z)g().
4. Quotient Rule: If g(x) # 0, then f/g is differentiable with

9*(x)
Proof. The differentiability of f and g at  implies that the limits
lim M and lim M (3.4)
t—x t—=x t—x t—ux

exist. It also implies z is an interior point of both Dom(f) and Dom(g), so there exists some
v > 0 such that t € Dom(f) N Dom(g) for all t € (x — 7,2 + ), and hence f(t) and g(t) are
defined for all ¢ sufficiently close to x. We use these facts in what follows.

Proof of Part 3. First observe that since g is differentiable at z, by Proposition [3.12] it is also
continuous at x and so

lim (1) = g(2).
Now, recalling the existence of the limits in (3.4)) and employing usual limit laws, we have
(f9)(t) — (f9)() f(t)g(t) — f(x)g(x)

(J9)(@) = i t—x = lim t—x
o FO9(0) = F@)g(t) + f@)g(t) = f(x)g(x)
t—x t —r
= i {f(ti - i(x)g@f) +2 (ti — =) ()]
= tim| L) i | 20— )
i PO =IO g gy 4 ()t S =9

= f'(@)g(z) + f(z)g'(x),



71
as was to be shown.

Proof of Part 4. Suppose that g(x) # 0. In Part (3) we established that g is continuous at z,
and so

111
P50 ~ Tmg® ~ gl 3
Now,
(/9)/(@) = lim (f/g)(ti:;f/g)( ) ~ lim f(t)/g(t)t:i(w)/g(x)
_ i FO00) = @0) _ [ 70000) = Ste) 1]
toe (t—a)g(t)g(z)  ioe t—ux 9(t)g(x)
_ lim{f(lt)g(ﬂﬁ) — f(@)g(x) + f(x)g(x) = flx)g(t) 1 }
Fares t—a 9(t)g(x)
(@) = fl2) g(t) — g(z) 1
= i |(H =2 - 2220 1)) M} |
and since the limits in and exist we obtain, via usual limit laws,
(#/a) ) = [t (L0 =L 500 i (SO )] iy oTIEs
_ _(f(t) — f(z) _(g(t) — g() 1.1
= ot (PG )~ s (S0 )|
) — Fla) - ()] -
_ J@)g(x) — f(x)g'(x)
9*(x) '
This completes the proof. |

Theorem (3.13| gives derivatives of new functions in terms of the derivatives of old functions,
whereas the next theorems give explicit formulas for the derivatives of constant and monomial
functions.

Theorem 3.14 (Constant Rule). For any constant ¢ € R, if f = ¢ then f' = 0.

Proof. Suppose f = ¢, which is to say f(x) = ¢ for all . For any = we use the definition of
derivative to obtain

o) SO @) e

= lim = lim = lim(0) = 0;
t—z t—=x toxt — tozxt — t—x
that is, f/(x) = 0 for any z, and therefore f' = 0. [ |

Letting the symbol c itself represent the constant function f = ¢, as is typical, the Constant
Rule can be written as (¢)) =0 or

%(c) = 0.
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Theorem 3.15 (Power Rule). For any nonzero constant r € R,
(mr)/ — ’r‘:L‘T_l.

Here we shall prove the Power Rule when r is any nonzero integer, and then in §3.5 the
proof will be extended to include any nonzero rational number r. The treatment in the case
when r is irrational must wait until Chapter 7. Whenever r = 0 we will regard =" to be the
constant function 1, in which case (2°)' = (1)’ = 0 according to Theorem [3.14]

Proof for Integer Powers. First we consider the case when r = 1, so that 2" = 2! = z. Let
f(z) = . Then

(:UT)/:f'(x):limM ; t_x:lim(l)zlzl-xozrxrfl,

t—z t—x tmxt —x  tox

or more concisely (z)" = 1. This establishes the base case of an inductive argument.
Now let r be any positive integer, and suppose that (z")’ = ra"~!. Using the Product Rule
of Theorem [3.13] and the fact that ()’ = 1, we obtain

(") =(z-2") =z(@@") + ()2 =z -ra" P+ 12" =ra" 42" = (r+1)a".
By the Principle of Induction it follows that (z")" = rz"~! holds for any positive integer . W
We now have enough established to be able to find the derivative of any polynomial or
rational function with relative ease. Moreover, though the proof of Theorem [3.15] is not yet

complete, we shall nonetheless make full use of the result whilst cleaving fast to our faith that it
shall someday be proven for any r € R.

Example 3.16. Find the derivative of each function.

(a) f(z) = V.
(b) g(z) = 32% — 42® + 7.

(©) he) = V"

3x® —4x3 4+ 7
Solution.
(a) Observing that \/z = x/2, we use the Power Rule to obtain
d 1
oy — ooy 112 L
Fla) = o) = a2 =

(b) Using the Sum/Difference Rule, then the Constant Multiple Rule and Constant Rule, and
finally the Power Rule, we obtain

) = @)~ )+ ) =367 4 )

=3-82" —4-32° = 242" — 122°.
(c) Since h = f/g, we employ the Quotient Rule to find that

1) = (f/9) ) = HND L)
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1

(2427 — 1222)?
B 328 — 482" — 423 + 242% + 7
B 2,/7(2427 — 1222)2

Example 3.17. Find the derivative of

h(z) =< x+1

Solution. For any = € (—oo, 1) with  # —1 there is an open neighborhood N of x such that

t—1
h(t) = ——
®) t+1
for all t € N, and so the Quotient Rule can be applied to obtain
2
W)= ——=

for all z € (—oo0,—1) U (—1,1). Note that h’'(—1) does not exist since h(—1) is undefined.
For any x € (1, 00) there is an open neighborhood N of x such that

1 1
h(t) = 2t 5
for all t € N, and so the Sum/Difference, Constant Multiple, Power, and Constant Rules can be
used to find that #'(z) = 1 for all z € (1, 00).

At x = 1 there is an obstacle to using any rules of differentiation to find the derivative: any
open neighborhood N of 1 necessarily contains values of ¢ for which A(t) is (t — 1)/(t + 1), and
other values of ¢ for which h(t) is t/2 —1/2. This leaves us with no option other than to evaluate
R'(1) by using the definition of derivative. In particular we will need to evaluate the one-sided
limits A’ (1) and A/, (1) and see whether they have the same value. We have

t—1
— =0
h(t) — h(1 1 1
W)= tim D= et g L L
t—1— t—1 t—1— t—1 t—s1-t+ 1 2
and ) .
h(t) — h(1 p—1_9 11
W) = tim MO =P g 207320, 1
t—1+ t—1 t—1+  t—1 1+ 2
Therefore h/(1) = 3, and we can write
2
ite <1

W)= (@t D2
%, ifz>1
Note that writing z < 1 and z > 1 instead of z < 1 and x > 1 would also be correct. [ |
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3.3 — DERIVATIVES OF TRIGONOMETRIC FUNCTIONS

To determine the derivatives of the trigonometric functions, we first need to evaluate two
special limits.
Lemma 3.18. .
limg =1 and limﬂ =0
t—0 t t—0 t
Proof. For the first limit, suppose that t € (0,7/2). Proceeding counterclockwise a distance of
t units from the point a = (1,0) on the unit circle C1(0,0), we arrive at the point p = (x,y) in
the first quadrant as shown at left in Figure 17 and thereby obtain sint = y by the definition
of the sine function. As shown in the proof of Proposition the area of Aaop is A; = sint/2,
and the area of the circular sector with vertices a, o, and p is Ay = /2.

Let g be the point where the vertical line x = 1 (i.e. the vertical line containing the point a)
intersects the ray op. If we let ¢ = (1, 2), then the triangle Aaog shown at right in Figure
has a base of length 1 and a height of length z. We know that tant = y/x, and since Azop and
Aaoq are similar triangles we obtain

z
x 1

and thus z = tant. The area of Aaog is therefore A3 = tant/2.
Now, since 0 < A; < Ay < A3 we obtain

0< sint < t < tant
2 2 2

Multiplying this by 2/sint gives
t 1
1< —<—
sint  cost
and finally

sint
cost < T <1

for all t € (0,7/2). From lim; ,o+ cost = cos 0 = 1 and lim;_,o+(1) = 1, it follows by the Squeeze
Theorem that

int
lim S =1 (3.6)
t—0+ ¢
q
z
p P
Yy Yy
t
1 ; 1
0 x la 0 x la

FIGURE 17.



5

as well.

In the case when ¢ € (—7/2,0) we proceed a distance of |¢| units clockwise on C;(0,0) from
a = (1,0) to a point p = (z,y) in the fourth quadrant, so that z > 0 and y < 0. Once again
sint = y, and the situation is as shown at left in Figure . Let ¢ = (1,2) be the point of
intersection of the ray op and the line z = 1, so that z < 0, shown at right in Figure Note
that z < 0. We have

1 | sint| sin ¢
A=A f A = |yl = = —
1 rea of Aaop 2|y| 5 5
: |t] t
Ay = Area of circular sector = 5= Ty
1 tant tant
Az = Area of Aaoq = =|z| = [ tant] _ o ?
2 2 2

where |z| = |y|/z = |tant| by similar triangles. From 0 < A; < Ay < A3 comes

0< sint - t - tant
2 2 2 7
which when multiplied by —2/sint (a positive quantity) yields

t 1
0<l< — < —,
sint  cost
and finally
sint
cost < 5 <1
as before. This inequality holds for all —7/2 <t < 0 and since cost — 1 as t — 07, the Squeeze
Theorem implies that

int
lim o = 1. (3.7)
t—0— ¢
Combining (3.6) and (3.7)), we conclude that
lim S = 1,
t—0 ¢
0 r ja 0 roja
1 I 1 H
y y i
p p
z
q

FIGURE 18.
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which verifies the first limit in the lemma. As for the second limit, a straightforward calculation
is all that is required:

1—cost .. [l—cost 1+ cost . 1—cos?t
lim ——— = lim : =lim———
t—=0 t—0 t 1+ cost t—0 t(1 4 cost)
sin?t . sint | sint
=lim ——— = lim - lim
50 t(1 +cost) 20 t =014 cost
sin 0
1.7 _1.0=0.
1+ cos0
This completes the proof. |

Theorem 3.19. For each t in the domain of each function,

1. sin’t = cost 2. cos't = —sint 3. tan’t = sec®t
4. csc’t = —cscteott 5. sec't =secttant 6. cot't = —csc?t
Proof.

Proof of Part (1). For any t € R, using the identity

sin(a + ) = sinacos 5 + cos asin j3,

we have
. . sin(t+h) —sint . sintcosh + costsinh — sint
sin' t = lim = lim
h—0 h h—0 h
, [ ost(smh) g t(l—coshﬂ
= lim |c —sint | ———
h—0 h h

. sinh . . 1—-cosh
=cost-lim — —sint - lim ——
h—0 h h—0 h

=cost-1—sint-0 =cost

by Lemma [3.18

Proof of Part (2). For any t € R, using the identity

cos(a + f) = cosacos f — sin asin f3,

we have
, . cos(t+h)—cost . costcosh— costcosh — cost
cos t = lim = lim
h—0 h h—0 h
. { t(cosh—l) . t(sinh)}
= lim |cost | ——— | —sin
h—0 h h
. cosh—1 . . sinh
=cost-lim —— —sin¢ - lim
h—0 h h—0 h
=cost-0—sint-1 = —sint

by Lemma
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Proof of Part (3). For any t € Dom(tan), by the Quotient Rule together with parts (1) and (2),

, <Sint)' costsin’'t —cos'tsint  costcost + sintsint
tan' t = = =

cost cos? t cos?t
cos?t +sin® ¢ 1 )
= 3 = 55 = sec t.
cos-t cos-t

As with the tangent function, since csc = 1/sin, sec = 1/ cos, and cot = 1/ tan, the proofs
of the last three parts of Theorem [3.19| may also be done using the Quotient Rule.

Example 3.20. Find 3/ for
2cosx

y= 1+sinz

Solution. By the Quotient Rule,
,  (1+4sinz)(2cosx) — (2cosz)(l +sinz) (1 +sinz)(—2sinz) — (2cosz)(cos z)

(14 sinx)? B (14 sinx)?

Y

which becomes
, 2

Y=
sinz + 1
after some algebraic simplification. |



78

3.4 — THE CHAIN RULE

We have seen rules for finding the derivatives of sums, differences, products, and quotients of
functions. Now we establish a rule for finding the derivative of a composition of two functions.

Theorem 3.21 (Chain Rule). If g is differentiable at ¢ and f is differentiable at g(c), then
f o g is differentiable at c, and

(fog)(c)= f(9(c)d'(c).

Proof. Suppose that g is differentiable at ¢ and f is differentiable at g(c). Then ¢ is in the
interior of Dom(g), g(c) is in the interior of Dom(f), and since g is continuous at ¢ there exists
some 7y > 0 such that g(c — v,¢+v) € Dom(f). Thus ¢ is in the interior of Dom(f o g) and it
is legitimate to investigate the differentiability of f o g at c¢. Define the function p by

{f(y) —J6O) _ o)), ity £ g()

y—g(c)
0, if y = g(c)

and observe that g(c) is in the interior of Dom(p). Now, by the differentiability of f at g(c),
fly) — flg(c)

p(y) =

ygg(lc) ply) = yl—ig(lC) { y—g(c) ~ 1)
I () B AUIC) B
- ng@ y—g(c) ng<c> f(9(©)
= f'(g9(c)) — f'(g9(c)) = 0 = p(g(c)),

which shows that p is continuous at g(c).
Since g(x) — g(c) as x — ¢, g(c) € Int(Dom(p)), and p is continuous at g(c), by Proposition
2.41] we obtain

lim p(g(x)) = p (lim g(x)) = p(g(c)) = 0.
Now, for any g(x) € Dom(p) such that g(z) # g(c), we find that

_ fl@) = fle(e) i
plg(z)) = o(0) =900 f'(g(c))

and hence
fl9(x)) = f(g(e)) = [f'(9(c) + p(g(2))][g(x) — g(c)]. (3.8)

Since (3.8) also holds whenever g(x) = g(c), we conclude that it holds for all z € (¢ — v,¢+ 7)
and so

(fog)(x) = (fog)(c) fg(z)) — f(g(c))

(fog)(c) =lim P = lim —
_ i L09()) + p(g(2))]]g(2) — g(c)]

— limn[f'(9()) + plg(x)] - i L=

r—C Tr—cC Tr — C
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which completes the proof. |

The reason for the Chain Rule’s name becomes evident when we consider the derivative of a
composition of three or more functions. If h is differentiable at ¢, g is differentiable at h(c), and

f is differentiable at g(h(c)), then

(fegoh)(c)=[f((geh)(c))g (h(c)h (c) = f'(g(h(c)) - g'(h(c)) - H(c). (3.9)

We show this as follows. Let ¢ = g o h, and note that ¢ is differentiable at ¢ by Theorem [3.21}
and by the same theorem we obtain

#'(c) = (goh)(c) = g'(h(c)M'(c).

Now, since ¢ is differentiable at ¢ and f is differentiable at g(h(c)) = ¢(c), by Theorem [3.21]
again we obtain

(fop)(c)= flp(c)¢(c),
and hence

(f o @) (c) = f'(e(e)g (h(c)) (c).

Substituting g o h for ¢ in this equation then yields (3.9)). More generally a proof by induction
gives

(fro-ofa) (@)= [fil(fao- o f)@)][fa((fso o fu)@)] - [foa(fal@)][fr(2)].

Example 3.22. Find the derivative of

H(z) = sin (tan (vcosz)) .

Solution. Here H = f o g o h o p with
f(z) =sinz, g(r)=tanz, h(zr)=+z =21 plz)=_cosz.
We obtain
H'(z) = f'(g(h(p(x)))) - ¢'(h(p(x))) - K (p(2)) - P ()
— cos (tan (veosz)) - sec? (veos) - J(eosa) 2 - (~sina)

~ cos(tan (y/cosz )) sec® (y/cosz ) sinx
B 2y/cosw

for all z € Int(Dom(H)) where the differentiability conditions are satisfied. [ |

With the Chain Rule we now have the tools needed to consider the example that is often
given to demonstrate that the derivative of a function is not necessarily continuous on its
domain.
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Example 3.23. The function
x?sin(1/x), ifx #0
flay= otk B
0, ifx=0

is differentiable on (—o0, 00), and yet f’ has a discontinuity at 0! To see this we must find f'(x)
for all x.

When x # 0 the function f is simply given by f(z) = 2?sin(1/x). Since 1/z, sin(x), and z?
are each clearly differentiable on I = (—00,0) U (0, 00), we can employ the usual differentiation
laws to f on I to obtain

f(x) =2z sin(é) + 22 cos(i) . ;—21 =2z sin(é) - Cos(é) (3.10)

Because 1/ is not differentiable at x = 0 we cannot use differentiation laws to find f/(0), and
anyway (3.10)) fails when x = 0. This does not necessarily mean that f itself is not differentiable
at 0, however. To find f/(0) the only recourse is to use the definition of derivative:

£(0) — tg @ = O osin(1/)

1
—_r -7 — = hm:csin(—):o,
z—0 x—0 z—0 x z—0 T
where the last equality follows from an example of the Squeeze Theorem in §2.3. So f/(0) = 0,
and to show that f’ is not continuous at 0 we need only that lim, o f'(z) # f'(0). Employing

(3.10)), we obtain
1 1
. ! _ . . - _ -
glg%f (r) = ilir(l) [2x81n<x> COS<x>] :

Suppose this limit exists and equals L € R. Since

. (1 . (1
lim 2xsm<—) =2 hmxmn(—) =2-0=0,

z—0 €T z—0 xT

. 1 . (1 1 (1
lim —cos| — ) = lim |2z sin| — ) — cos| — ) — 2z sin| —
x—0 X x—0 €T X €T

. (1 1 . (1

= lim |2z sin| — | — cos| — || — lim 2z sin{ —

x—0 €T €T x—0 €T

=L-0=1,

a law of limits gives

and thus
1
lim cos(—) =—-LeR.

z—0 xT
But this is impossible, since it was shown in §2.2 that this limit does not exist! Hence lim,_, f’(z)
does not exist, and in particular lim, o f'(x) # 0 = f'(0). Therefore f’ is not continuous at
xz=0.
What we have found is that

v J2xsin(l/x) —cos(1/xz), ifx#0
f@»_{u if 2 = 0
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So Dom(f) = Dom(f’) = (—o0,00), with f continuous on (—o0,00)f| and f’ continuous on
(—00,0) U (0, 00). [ |

6Note that lim,_ f(x) = lim, 0 22 sin(1/z) = lim,_0 x - lim, o zsin(1/x) =0-0= 0= f(0).
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3.5 — IMPLICIT DIFFERENTIATION

An equation containing two variables x and y, with the y not isolated on one side, may be
looked upon as (at least potentially) implicitly defining y as a function of = in one or more
ways. For example, 22 + y? = 9 results in two functions that cast z as the independent variable
and y as the dependent variable:

y=vV9—22 and y=-—-vV9— a2

Thus the equation 22 + y* = 9 implicitly defines y = f(x) for two choices of f: namely,
f(z) = £v/9 — 22. The domain of both possible functions f is [—3,3], and from z* 4+ y* = 9
we find that 2% + [f(x)]* = 9 for all z € [-3,3]. Noting that f is differentiable on (—3,3), it
follows that d

d 2 2
E(x + [f(2)]?) = %(9)

for all z € (—3,3), and then by various differentiation rules (including the Chain Rule) we
obtain

2z + 2f () f'(x) =0,

or equivalently = +yy’ = 0 if we let ¥ = f'(z). Now we can solve for ¢/ in term of z and y to get

y, = _§7
Yy

at least whenever y # 0.

Implicit differentiation is the operation of identifying an equation with two variables (such
as 22 + 9% = 9) as implicitly defining y as a differentiable function of x, and then differentiating
both sides of the equation with respect to x so as to obtain a new equation featuring x, y, and
y' (such as z + yy’ = 0). One of the great advantages of implicit differentiation is that it allows
for finding dy/dx in situations when it would be quite difficult or outright impossible to isolate
y in an equation involving both x and y; situations, that is, in which putting the equation into

the form y = f(x) for some suitable function f is simply not practical.

Example 3.24. Assume that
ot 4+ 2277 4yt = %xy? (3.11)
implicitly defines y as a function of x.

(a) Use implicit differentiation to find dy/dx.
(b) Determine an equation of the tangent line to the curve at the point (1, 2).

Solution.
(a) Let the symbol ' signify differentiation with respect to the variable z. Since y = f(z) for
some (unknown) function f, we have in particular

07 = () = [T = 2f(@)f () = 2y

by the Chain Rule. Similarly (y*)’ = 4y3y/, and so on. Differentiating both sides of ([3.11]) with

respect to z, then, we find that
25 25
4a® + day? 4 dxtyy + 4y = ZyZ + 7myy’.
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Solving for ' gives
,  25y° — 16xy® — 162°

Y = 1602y + 1647 — 502y
Of course dy/dx = y', so we are done.

(3.12)

(b) At (z,y) = (1,2) we obtain ¢’ = 5 from (3.12)), and so the tangent line has point (1,2) and
slope % Using the point-slope formula, the equation of the tangent line is y — 2 = %(x — 1), or
Yy = %x + %
in slope-intercept form. |

As something of an aside, it is possible to isolate y in the equation (3.11)). Multiplying by 4
and collecting terms, we may write (3.11]) as

4y* 4 (82% — 25z)y* + 4a* = 0,
from which the quadratic formula gives

» (250 —8x%) £ /(822 — 25x)? — 64a?
— < 7

and hence

822 + 5v2527 — 823 — 842) — 52522 — 823
. i\/(253; 8a2) + 5V 8 i\/(25x 822) — 5v/250% — 87
8 8
That is, y can equal any one of four different functions, none of which would have a particularly
nice derivative. Thus, even when it’s possible to isolate y as a function of z, applying implicit
differentiation may still be the better strategy.
In the next example there is no reasonable way to isolate y in the given equation, and so
implicit differentiation is the only game in town.

Example 3.25. Find the value of 3" at the point on the curve
vy +yd =1

where z = 0.

Solution. The equation zy + y* = 1 implicitly defines y as a function of z, and so we proceed
to first find 4’ = dy/dx using implicit differentiation:

d d Y
3 — 1 = 3 - 1 = / 3 2/ — 0 = / — )
zy +y ey +y) = (1) zy' +y+3y7y V=i
When z = 0 the original equation becomes y*> = 1, for which y = 1 is the only real-valued
solution, and thus (0, 1) is the only point on the curve where z = 0. At this point we find that
;L 1 1
YT 03002 3
Next, using the Quotient Rule we have
y— (_ y ) _ (@43 — (L +6yy)y
de \ x4+ 3y? (x + 3y?)? '
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Since y = —3 when (z,y) = (0,1), we find that

,__[+302 (=) - [1+em(- DM
v [0+ 3(1)%? -

at the point where x = 0. |

In §3.2 the Power Rule of differentiation was proven for integer exponents. Now, with implicit
differentiation, we are in a position to expand the proof to include rational exponents. For
convenience we restate the Power Rule here.

Theorem 3.26 (Power Rule). For any nonzero constant r € R,
(") =ra" "t

Proof for Rational Powers. Let r be any nonzero rational number, so » = m/n for some

integers m # 0 and n > 1. Set y = 2" = ™", s0 y is a function of z. From this we find that

yn _ (xm/n)n _ xm7

which is an equation suitable for implicit differentiation. Since the Power Rule has already been
proven to work for integer exponents, it follows that

d d
yn — I_m = %(yn) — %(xm> = nyn—lyl — mxm—17

and therefore

m—1
mx B @xm_1(xm/n>1—n _ M m=1)+(m/n—m) _

nyn—1 n n n

m _ _
_xm/n 1 — rg” 1‘

y:

That is, (2") = r2"!, and the Power Rule is now proven for any rational exponent r. |
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3.6 — RATES OF CHANGE

Example 3.27. A rope passing through a capstan on a dock is tied at water level to a boat
offshore. If the capstan is 5 ft above the water and Barnacle Bill the Sailor turns the capstan so

as to pull the rope in at a constant rate of 3 ft/s, how fast is the boat traveling when it is 10 ft
from the dock?

Solution. Let x be the distance between the boat and the dock, and r the length of the rope.
As seen in Figure [19] there is a right triangle involved so that x? 4+ 5% = r? by the Pythagorean

Theorem. Solving this for z gives
x = Vr?—25. (3.13)

Here z and 7 are implicitly functions of time, which is simply to say they change as time changes,
and so we differentiate (3.13]) with respect to time to obtain

t)r'(t
v - 0
/r3(t) — 25
Now, we're given that r/(t) = —3 ft/s. Moreover, at the time ¢ when z(¢) = 10 feet we have

r(t) = 5v/5 feet by (3.13). Putting these facts into (3.14)) gives
Py = VOIS 3VE
2 2
(5v5) —25
This tells us that the distance between the boat and the dock is decreasing at a rate of 3v/5/2

ft/s at the instant when the boat is 10 ft from the dock. Thus, when the boat is 10 ft from the
dock it is traveling at a speed of 3v/5/2 ft/s. |

(3.14)

Example 3.28. A 2-meter-tall man walks at 1 m/s toward a street light that is 7 meters above
the ground. What is the rate of change of the length of his shadow when he is 5 meters from
the street light? At what rate is the tip of his shadow moving?

Solution. Let x be the distance between the man and the base of the street light, and let ¢ be
the length of the man’s shadow. The triangles AABC and AOBD in Figure [20] are similar,
and so we have

l+x (L
72
capstan
. 5
boat
. x

FIGURE 19.
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FIGURE 20.

Solving this for ¢ and observing that ¢ and x are both functions of time ¢, we obtain

2
t) = g:v(t)
Differentiating both sides with respect to ¢ gives
2 2 2
Ot)==2'(t)==-(-1)=—= m/s.

5 5 5
Thus at any time ¢ the length of the shadow is growing shorter at a rate of % m/s, which includes
the time when the man is 5 meters from the street light!
Regarding the rate at which the tip of the shadow is moving, since point B in Figure
Which is the tip of the shadow—is moving toward A at —% m/s, and A is moving toward O
at —1 m/s, is follows that B is moving toward O at —12 m/s. [
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APPLICATIONS OF DIFFERENTIATION

4.1 — EXTREMA OF FUNCTIONS

Definition 4.1. Let f be a real-valued function, S C Dom(f) C R, and c € S.

If f(c) > f(x) for all x € S, then we say f has a mazxrimum on S at c and call f(c) the
mazimum value of f on S. In the event that S = Dom(f) we say f has a global mazimum
at c and call f(c) the global mazximum value of f (or simply the maxzimum value of f).

If f(c) < f(x) for all x € S, then we say f has a minimum on S at c and call f(c) the
minimum value of f on S. In the event that S = Dom(f) we say f has a global minimum
at c and call f(c) the global minimum value of f (or simply the minimum value of f).

The maxima and minima (or maximums and minimums) of a function are collectively referred
to as the function’s extrema (or extremums), with the maximum and minimum values being
called the extreme values. The next theorem makes clear that any function that is continuous
on a closed, bounded interval I will attain both a maximum value and a minimum value on I.

Theorem 4.2 (Extreme Value Theorem). If f is continuous on a closed interval I = [a,b],
then there exist x1, x5 € I such that f(x1) is a mazimum value of f on I and f(x2) is a minimum
value of f on I.

The proof of this theorem is beyond the scope of this text, but can be found in advanced
calculus or mathematical analysis texts.

Definition 4.3. Suppose c is a point in the interior of Dom(f). Then f has a local maximum
at c if there exists some v > 0 such that f(c) > f(z) for all x € (¢ — v,¢+7), in which case
f(c) is called a local maximum value of f. Similarly, f has a local minimum at c if there
exists some v > 0 such that f(c) < f(x) for all x € (¢ — 7, c+ ), in which case f(c) is called a
local minimum value of f.

The local maxima and minima of a function are collectively called the function’s local
extrema. Comparing Definitions and [4.3] we see that a global extremum for f at c is
necessarily also a local extremum provided that ¢ lies in the interior of Dom(f).
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The following proposition, like the Squeeze Theorem, gives some inequality results for limits
of functions; and like the Squeeze Theorem it will be used occasionally in certain proofs.

Proposition 4.4.
1. Let c € R, and suppose there exists some v > 0 such that f(zx) < g(z) for all x € B/(c). If
lim, . f(z) and lim,_,.g(x) exist, then

lim f(z) < lim g(z).

Tr—c r—c
2. Let ¢ € (—o0,00]. Iflim, .~ f(z) and lim,_,.- g(z) exist, and there is some v > 0 such that
flz) < g(x) for all x € (¢ —~,c), then

lim f(z) < lim g(z).

T—Cc r—c™

3. Let ¢ € [—00,00). If lim, .+ f(x) and lim, ..+ g(z) exist, and there is some ~y > 0 such that
f(z) < g(z) for all z € (¢c,c+ ), then

lim f(x) < lim g(x).

z—ct T—ct

Proof. We prove only the first part here, since the proofs of the other two parts would run
along similar lines.

Suppose that lim, . f(z) = L € R and lim, ,.g(z) = M € R. Assume L > M. Let
e = (L — M)/2, so that € > 0. Now, there exists some §; > 0 such that

O<|z—c|<éd = |f(x)—L|<e
and there exists some d9 > 0 such that
O<|zr—c|<bd = |gx)— M| <e

Choosing § = min{dy, d2,v}, suppose that x is such that 0 < |z — ¢| < . Then we obtain
L—M L—M

F@) ~ 1] < and o) — M| < =
with the first inequality yielding
L+ M
fla) > =
and the second inequality yielding
(x) L+ M
x
g 5
and hence Y
+
f(@) > > g(a). (4.1)

But 0 < [z — ¢| < ¢ implies that 0 < |z — c| < 7, which is to say € B/ (c) and so we must
have f(x) < g(x) by hypothesis. Since (4.1) contradicts this hypothesis, we conclude that
L <M. |

Theorem 4.5 (Fermat’s Theorem). If f has a local extremum at ¢ and f'(c) exists, then

(c) = 0.
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Proof. Suppose f has a local maximum at ¢, so there is some v > 0 such that f(c) > f(z) for
all z € (¢ —,c+ 7). Suppose f'(c) exists, so that

P (O E (B (O L [
T—c~ T —cC z—ct T —cC
Now, for all z € (¢ — v, ¢) we have f(z) — f(¢) <0 and x — ¢ < 0, which implies
f@) =10
r—c
and thus by Proposition [4.4(2)
f'(¢) = lim J@) = J(o) > lim (0) = 0.
T—cT Tr —cC T—rcT
Also for all x € (¢,c+ 7) we have f(z) — f(c) <0 and  — ¢ > 0, which implies
@) - 1@ _,
r—c
and thus by Proposition [4.4]3)
o fle) = fle) _
"(¢) = lim ———~ < 1 = 0.
o=t = = = p =0
Since f'(c¢) > 0 and f’(¢) < 0, we conclude that f’(c) = 0.
The proof is similar when supposing that f has a local minimum at c. |

Corollary 4.6. If f has a local extremum at ¢, then either f'(c) =0 or f'(c) does not exist.

The corollary makes it clear where we should focus our attention when searching for local
extrema of a function f: only those points ¢ € Dom(f) where f’(c) is zero or does not exist.
Finding the global extrema of f, if any, is often more challenging, but with the help of the
Extreme Value Theorem we will devise a method for locating global extrema at least in situations
when the domain of f is restricted to a closed, bounded interval.

Definition 4.7. A critical point of a function f is any point ¢ in the interior of Dom(f) for
which either f'(c¢) =0 or f'(c) does not exist.

Theorem 4.8 (Closed Interval Method). Suppose f : [a,b] — R is continuous and K C [a, b]
is the set of critical points of f. Let c € K.

1. If f has a mazimum on K at ¢, then f has a mazimum on [a,b] at c.
2. If f has a minimum on K at ¢, then f has a minimum on [a,b] at c.

Proof.

Proof of Part (1). Suppose that f has a maximum on K at ¢. Now, by the Extreme Value
Theorem there is some ¢ € [a, b] such that f(¢) is a maximum value of f on [a,b], and so f has
a local maximum at ¢. By Corollary either f'(¢) = 0 or f'(¢) does not exist, which is to
say that ¢ is a critical point of f and thus ¢ € K. Since f has a maximum on K at ¢ we have
f(e) > f(¢). Since f(¢) is a maximum of f on [a, b] we have f(c) < f(¢). Therefore f(c) = f(¢),
which shows that f has a maximum on [a, b] at c.

Proof of Part (2). Left as an exercise. [ |
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In practice the following procedure is what is often referred to as the Closed Interval Method,
and it follows directly from the preceding theorem.

Procedure. To find the extreme values of a continuous function f : [a,b] — R:
e Step 1. Find the critical points of f on (a,b);

e Step 2. Evaluate f at all critical points on (a,b);

e Step 3. Evaluate f at the endpoints a and b.

The greatest and least values obtained in Steps (2) and (3) are the maximum and minimum
values of f on [a, b], respectively. [ |

Example 4.9. Find the global extrema of the function f(z) = zvx — 22.

Solution. First we observe that the domain of f is the set
Dom(f) ={z:2—2* >0} ={z:z(1-2) >0} =[0,1],

a closed and bounded interval. Since f is continuous on [0, 1], we employ the Closed Interval
Method. To start, we find any critical points of f that lie on (0,1); that is, we find all 0 < z < 1
for which f’(z) is zero or does not exist.

Setting f’(x) = 0 we obtain

f@w=0 = L2 im0 o Vep= -2

= 2@ —2*)=—-2(1-22) = 42> -32x=0
= z(dr—-3)=0 = z=3/4

(Of course z(4x — 3) = 0 by itself implies = 0 is also a solution, but not only does this not
lie in (0,1), it is also an extraneous solution since it results in division by zero in the original
equation f'(z) =0.) There is no z € (0,1) for which f’(x) does not exist.

We now evaluate f at the critical point 3/4 € (0,1), and also at the endpoints 0 and 1:

F0)=0-/0—02=0
3 /3 9 3V3
TBM=Vi" 1%~ 16

Y

W=

e leo
—_

FIGURE 21.
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fA)=1-v1-12=0

Thus f(3/4) = 31/3/16 is the maximum value of f on [0,1], and f(0) = f(1) = 0 is the minimum
value of f on [0,1]. Because Dom(f) = [0, 1], it follows that we have found the global extrema
of f. See Figure |

Example 4.10. Find the global extrema of the function f(x) = |z + z?|, x € [-1.5,0.8].

Solution. Because the functions g(z) = z + 2% and h(x) = |z| are each continuous everywhere,
by Theorem it follows that (ho g)(x) = |z + 2?| is also continuous everywhere, and hence f
is continuous on its given domain [—1.5,0.8] in particular.

Now, the equation g(z) = 0, or equivalently (1 + x) = 0, has solutions x = —1,0. Since
g(—2) > 0 we conclude that g > 0 on (—oo, —1). Indeed, if there were some ¢ € (—o0, —1) such
that g(c) < 0, then the Intermediate Value Theorem would imply that there is some number a
between —1.25 and ¢, and hence in (—oo, —1), such that g(a) = 0, which is a contradiction. By
the same reasoning, since g(—0.5) < 0 we have g < 0 on (—1,0), and since g(1) > 0 we have
g > 0on (0,00). Noting that f(z) = |g(z)| on [—-1.5,0.8], we obtain

T+ 22, if —150<r <1
flay=q -2z —22 if-1<z<0 (4.2)
r+a?, if0<x<08

We now begin the Closed Interval Method by finding any critical points of f that lie on
(—1.5,0.8). From (4.2)) we obtain

1+ 2z, if —lh<zxr<—1
flz)=4-1-2z, if -1<2<0
142, if0<z<08,
from which f'(—1) and f'(0) are readily found to not exist by using the definition of derivative,
and so —1 and 0 are critical points.

Setting f'(x) = 0 gives rise to the equation 1+ 2z =0 on I; = (—1.5,—1) U (0,0.8), which
has no solution belonging to I;. However f'(z) = 0 is the equation —1 —2x =0 on I, = (—1,0),
which has a solution x = —0.5 € I,. That is, f'(—0.5) = 0 and so —0.5 is a critical point.

Y,

15 -1 08 7

FIGURE 22.
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We now evaluate f at the critical points —1.5, —1, —0.5, 0, and 0.8:

f(=15) =] - 1.5+ (=1.5)*| =0.75
f(=1) =] =1+ (-1’ =0
f(=0.5) =] —0.5+(-0.5)*| =0.25

f0)=0+0* =0
£(0.8) = |0.8 4+ 0.8%| = 1.44

Therefore f(0.8) = 1.44 is the maximum value of f on [-1.5,0.8], and f(—1) = f(0) = 0 is
the minimum value of f on [—1.5,0.8]. Since Dom(f) = [—1.5,0.8] we have found the global
extrema of f. See Figure [22] [ |
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4.2 — THE MEAN VALUE THEOREM

We start with Rolle’s Theorem, which is a special instance of the Mean Value Theorem and
in fact will be used to prove it.

Theorem 4.11 (Rolle’s Theorem). Let f be differentiable on (a,b) and continuous on [a,b].
If f(a) = f(b), then there exists some ¢ € (a,b) such that f'(c) =0

Proof. Suppose f(a) = f(b). Since f is continuous on [a,b], the Extreme Value Theorem
implies that f has both a maximum and a minimum on [a, b]. There are two mutually exclusive
possibilities: (i) At least one extremum lies in (a,b); and (ii) No extremum lies in (a, b).

Assume (i) is the case. Then there exists some ¢ € (a,b) at which f has an extremum on
[a, b], which implies that f has a local extremum at c¢. Now, f’(c) exists since f is differentiable
on (a,b), and therefore f’(c) = 0 by Theorem [4.5]

Assume (ii) is the case. Then the extrema of f lie at the endpoints a@ and b. From f(a) = f(b)
it follows that the minimum of f on [a, b] equals the maximum, and thus f(a) is simultaneously
the maximum value and minimum value attained by f on [a,b]. So, for any x € [a, b] we find
that f(z) < f(a) and f(x) > f(a) are both true, which implies that f(z) = f(a) and therefore
f is in fact a constant function; that is, f(x) = f(a) for all « € [a,b], which immediately leads
to the conclusion that f’(¢) = 0 for any ¢ € (a,b). [ |

Rolle’s Theorem in conjunction with the Intermediate Value Theorem can be used to uncover
a surprising assortment of things about the solution sets of many equations that do not readily
lend themselves to being solved by algebraic means.

Example 4.12. Show that
23— 207 442 —2=0 (4.3)

has exactly one real root.

Solution. We first set about showing that the equation has at least one real root. Let
f(z) =2* - 22° + 4o — 2.

Now, f(0) = =2 < 0 and f(1) =1 > 0, and since f is a polynomial function it is continuous on
[0, 1]. So, since 0 lies between f(0) and f(1), by the Intermediate Value Theorem there exists
some r € (0,1) such that f(r) = 0. This demonstrates that r is a real root of (4.3).

Now that it’s been shown that the equation has one real root, it must next be shown that
it cannot have more than one real root. Toward that end, suppose the equation has two real
roots a and b with a < b, so that f(a) = f(b) = 0. Since f is differentiable, it follows from
Rolle’s Theorem that there is some real number ¢ € (a, b) such that f’(¢) = 0. Thus, because
f'(z) = 32* — 4x + 4, we conclude that c is a real number for which 3¢* — 4¢ + 4 = 0. However,
when we apply the quadratic formula to solve

37 —dx +4 =0, (4.4)
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we find only the complex-valued solutions

3 3
We have arrived at a contradiction: c¢ is a real-valued root for (4.4]), and yet (4.4) has no
real-valued roots! It follows that (4.3)) cannot have more than one real root. Therefore (4.3)) has
exactly one real root. |

2 22
:I:—\/_z'.

Example 4.13. Show that
2t +4rx+ k=0 (4.5)
has at most two real roots, where k£ € R is any constant.

Solution. When k = 0 the equation becomes z* + 4x = 0, or equivalently z(z3 + 4) = 0,
and thus there are two real roots: z = 0 and x = /—4. So there exists a real number k for
which has two real roots. It remains to show that no matter what k equals, cannot
have more than two real roots.

Suppose there exists some real number £ such that has more than two real roots.
Denote three of these roots by ry, ro and r3, where r| < ry < r3. Let

f(z) =2* + 42+ k,

so we have f(r;) = f(r2) = f(rs) = 0. Since f is a polynomial function it is continuous
and differentiable everywhere. By Rolle’s Theorem, then, there exists some ¢; € (ry,ry) such
that f'(c;) = 0, and there exists some ¢y € (72,73) such that f’(c2) = 0. Note that we have
M <c<rg<c<rs.

Now, f'(z) = 42 + 4, so f'(c;) = 0 implies 4¢} = —4 and thus ¢; = —1; and f'(c3) = 0

implies co = —1 as well. We now have r, < —1 < ry < —1 < r3, which leads to the conclusion
that —1 < —1. Since this is a contradiction, it follows that (4.5) cannot have more than two
real roots no matter what k is. Therefore (4.5)) has at most two real roots. ]

We now employ Rolle’s Theorem for the purpose of proving a more general result called the
Mean Value Theorem, which in turn will later be used to prove the Fundamental Theorem of
Calculus.

Theorem 4.14 (Mean Value Theorem). Let f be differentiable on (a,b) and continuous on
[a,b]. Then there exists some ¢ € (a,b) such that

o = L0100
Proof. Define the function g by
o) = OOy sy,

so g is continuous on [a, b] and differentiable on (a, b) since f has these properties, and g(a) =
f(a) = g(b). By Rolle’s Theorem there exists some ¢ € (a,b) such that ¢'(c¢) = 0, and since

g =TI iy
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it follows that

T (9=0
Therefore ) — f(a)
— f(a
/

fio= O =)
as was to be shown. [ ]
Example 4.15. Let

z+1

Show there’s no ¢ € [0, 2] such that f’(c) = (f(2) — f(0))/2. Why does this not contradict the
Mean Value Theorem?

Solution. Differentiating f, we obtain

2
! g
We attempt to find some 0 < ¢ < 2 such that
2 : f2) = f(0) _3-(=1)
— — g g — 2
et (c) 2 2 !
However, a little algebra leads to (¢ — 1)*> = —1, which clearly has no real solution whatsoever,

much less a solution in the interval [0, 2]. The reason that this outcome does not dethrone the
kingly Mean Value Theorem is that f is not differentiable (or even continuous) on the interval
(0,2), since 1 ¢ Dom(f). [ |

Example 4.16. A function f is a Lipschitz function if there exists some constant M € R
such that

|f(22) = f(1)] < Mg — 1] (4.6)
for all x1, 29 € Dom(f). Show that if f : (a,b) — R satisfies |f'(x)| < M for all z € (a,b), then
f is a Lipschitz function.

Solution. Suppose |f'(z)| < M for all z € (a,b). Let x1,x9 € (a,b), and let @ = min{z, x2}
and f = max{x,x2}. Since f is differentiable on (a,b) and [a, 8] C (a,b), we know that f is
differentiable on («, ) and continuous on [, §]. By the Mean Value Theorem there exists some

¢ € (o, B) such that
f(B) = fle)
B—a
f(B) = fla) = f'(c)(B — o).
Since |f'(x)| < M for all x € (a, 8), we next obtain
£ (B) = fla)| = M|B — af. (4.7)

If 21 < xo, then a = 1 and 5 = x5, and (4.7)) implies (4.6]); and if x5 < 1, then o = x5 and
B = x1, and again (4.7 implies (4.6)). Therefore f is a Lipschitz function. [ |

f'(e) =

and hence
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We conclude this section by using the Mean Value Theorem to prove the following proposition,
which will in turn be used to prove the proposition that follows.

Proposition 4.17. Let I be an open interval.

L. If f'(x) =0 for all x € I, then f is constant on I.
2. If f'(z) = ¢'(x) for all x € I, then f and g differ by a constant on I.

Proof.

Proof of Part (1). Suppose that f'(z) = 0 for all x € I. Let 1,25 € I, where z1 < z5. The
differentiability of f on I implies the continuity of f on I, and since [z1, z5] C I it follows that f
is continuous on [z, z3] and differentiable on (x,x2). Now the Mean Value Theorem concludes
that there is some ¢ € (21, z2) such that

f/(C) _ f(xQ) — f(xl)’
To — X1
and since ¢ € I implies f'(c) = 0 we obtain

f(za) — f(z1)

To — 1

=0.

So f(zg) — f(x1) = 0 and therefore f(x1) = f(z2). But 27 and x5 are arbitrary points in I, so
f must be constant on I.

Proof of Part (2). Suppose that f'(z) = ¢'(x) for all z € I. Then
(f —9)(x) = (' —g)(x) = f'(z) —g'(x) = 0

for all x € I, and by part (1) we conclude that f — ¢ must be constant on I. That is, there
exists some ¢ € R such that

f(@) —g(z) = (f —g)(x) = ¢
for all € I, which shows that f and g differ by c on I. |

Proposition 4.18. Let I be an arbitrary interval, and suppose that f and g are continuous on
I. If f'(x) = ¢'(x) for all x in the interior of I, then f and g differ by a constant on I.

Proof. Suppose that f'(x) = ¢’(x) for all x in the interior of /. Proposition implies there
exists some ¢ € R such that f — g = ¢ on the interior of I, since it is an open interval. Suppose
that I includes its left endpoint, which we’ll denote by a. Since f and g are continuous on I, so
too is f — g; then, since there is some § > 0 such that [a,a 4+ ) C I, we have

Tim (f — 9)(x) = ( ~ 9)(@) (1
However, (f — g)(z) = c for all @ < x < a + 0 so that
lim (f —g)(z) = lim c=c. (4.9)

Combining (4.8)) and (4.9)), we find that (f — g)(a) = c.
A similar argument will show that (f — ¢)(b) = ¢ if I contains its right endpoint b. Therefore

f—g=conall I |
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Both of the propositions above will be put to good use when antiderivatives are discussed in
section 4.8.
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EXERCISES

. Show 1+ 2z + 2 + 42° = 0 has exactly one real root.
. Show the equation 27 + 23 = —2° — 1 has exactly one real solution.

. Show that, for any constant k, the equation 23 — 15z + k& = 0 has at most one root in the

interval [—2,2].

. Show 2% 4 2% + 2 — 1 = 0 has exactly one real root.
. Show 2x — 1 — sinz = 0 has exactly one real root.

. Show 22* + 522 +  — 3 = 0 has exactly two real roots.

Let f(z) = 2* — 2% + 72% + 3z — 11. Prove that the graph of f has at least one horizontal
tangent line.

. Show that a 3rd-degree polynomial equation has at most three real roots. (Hint: start with a

general cubic equation ax® + bx? + cx +d = 0.)

. Verify that the function satisfies the hypotheses of the Mean Value Theorem on the given

interval, then find the numbers ¢ that satisfy the theorem’s conclusion.
(a) f(z) =32 +2x+5, [-1,1]

(b) g(x) = vz, [0,1]

(©) ha) = —. [1.4

Let ¢(x) = |z — 1|. Show that there’s no ¢ € [0, 3] such that

P(3) — (0
sl = 20 =20)
Why does this not contradict the Mean Value Theorem?

For what values of a, b, and m does the function

3, z=0
flx)=<a+3z—2 xe€(0,1)
mx + b, x € [1,2]

satisfy the hypotheses of the Mean Value Theorem on the interval [0, 2]7
Does there exist a function f such that f(0) = —1, f(2) =4, and f'(z) < 2 for all z7

Suppose f is continuous on [6, 15] and differentiable on (6, 15). Also suppose that f(6) = —8
and f'(z) < 12 for all = € (6,15). What is the largest possible value for f(15)?
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4.3 — STRICT MONOTONICITY AND CONCAVITY

Definition 4.19. Let f be a function and I C Dom(f) an interval.

If f(z1) < f(x) for all x1,x9 € I such that xy < x4, then [ is increasing on I. In the
event that I = Dom(f) we say that f is an increasing function.

If f(x1) > f(x2) for all z1,x9 € I such that x1 < x5, then f is decreasing on I. In the
event that I = Dom(f) we say that f is a decreasing function.

A function is said to be strictly monotonic on an interval [ if it is either increasing or
decreasing on I. A useful fact: if f is increasing or decreasing I, then —f is decreasing or
increasing on I, respectively. The following theorem will prove invaluable in determining whether
a function f has the property of strict monotonicity on a given interval, so long as f fulfills
certain continuity and differentiability requirements.

Theorem 4.20 (Monotonicity Test). Let I be an interval. Suppose f is continuous on I and
differentiable on Int(I).

L. If f/ >0 on Int(I), then f is increasing on I.
2. If f' <0 on Int(I), then f is decreasing on I.

Proof.

Proof of Part (1). Suppose f' > 0 on Int(I). Let x1, 29 € I such that x; < 5. Since [z1, 2] C [
and (zq,x2) C Int(I), f is continuous on [x7, z5] and differentiable on (x1,x3), and so by the
Mean Value Theorem there exists some ¢ € (x1,x2) such that

f/(C) _ f(xZ) : f(xl)
T T
Observing that ¢ € Int(/), we obtain f/(¢) > 0 and thus
f(wa) = (1)
To — X1

From this we conclude that f(xs) — f(x1) > 0, which is to say f(x1) < f(x2) and therefore f is
increasing on 1.

> 0.

Proof of Part (2). Suppose f' < 0 on Int(I). Then —f" > 0 on Int(I), so that —f is increasing
on I by Part (1), and therefore f itself is decreasing on 1. [ |

Like the Mean Value Theorem itself, the Monotonicity Test is often used to establish
inequalities that might otherwise be quite challenging to establish by purely algebraic means.
The next example illustrates a typical treatment.

Example 4.21. Show that

1
2/x >3 — =
X

for all z > 1.



100

Solution. Let 1

so the problem becomes one of showing that f(x) > 0 for all x > 1.

For any x > 1 we have
1 1
! _ -
fla) = N

But we also have y/z > 1, so that

P=zx-c>zx-1l=cv=Vr Vx>V 1=+,

hence

and therefore f'(x) > 0. So f' > 0 on (1,00), and since f is continuous on [1,00), the
Monotonicity Test implies that f is increasing on [1,00). In particular this means that f(z) >
f(1) =0 for all x > 1. [

Theorem 4.22 (First Derivative Test). Let ¢ be a critical point of f, and suppose there exist
some vy > 0 such that f is continuous on B,(c).

LIff/>0o0n(c—~,¢) and f' <0 on (c,c+ ), then f has a local mazimum at c.
2. If f' <0 on (c—r,c) and f' >0 on (¢,c+ ), then f has a local minimum at c.
3. If f' >0 on Bl(c), or f" <0 on B!(c), then f has no local extremum at c.

Proof.
Proof of Part (1). Suppose f' > 0on (¢c—-,c) and f' < 0 on (¢,c++). Since f is continuous on
B, (c) it is also continuous on ¢ — /2, ¢]. Since f is differentiable on (¢ —, ¢) it is differentiable
on (¢ —7v/2,¢). Now, f' >0 on (¢ —v/2,¢), and so f is increasing on [c — v/2, ¢] by Theorem
1.20(1).

Next, since f is continuous on B, (c) it is continuous on [c, ¢ 4+ ~/2]. Since f is differentiable
on (¢, c++y) it is differentiable on (¢, c+/2). Now, f' < 0on (¢,c+7/2), and so f is decreasing
on [¢, ¢ + /2] by Theorem [4.20)2).

Since f is increasing on [¢ — /2, ¢] we have f(c) > f(z) for all ¢ — /2 < 2z < ¢, and since f
is decreasing on [c, ¢ + v/2] we have f(c) > f(z) for all ¢ <x < c+ /2. Thus f(c) > f(x) for
all x € B, 5(c), and therefore f has a local maximum at c.

Proof of Part (2). Suppose f' < 0 on (¢ —~,c¢) and f* > 0 on (¢,c+ ). Then —f" > 0 on
(¢ —7,¢)and f' < 0on (¢,c+7), so —f has a local maximum at ¢ by Part (1), and therefore f
has a local minimum at c.

Proof of Part (3). Left as an exercise. [ |

Example 4.23. Find the intervals of increase or decrease for the function
f(z) = 2y/r — 427,

and find any local extrema.



101

Solution. First we get the derivative of f,

f(z) = \if 8,

which is continuous on its domain (0, 00). Clearly f'(x) exists for all z > 0; however,

1 1 1
fl2)=0 & ——-82=0 & 1-8*?=0 & 2*=- & =",

N3 8 4
1

and so [ has x = ; as its sole critical point.
Since f’ (%) = g > 0, the Intermediate Value Theorem implies that f’ > 0 on the interval
(0, 1); and since f'(1) = =7 < 0, it follows that f' < 0 on (3,00). By the Monotonicity Test

4
we conclude that f is increasing on ((), %1) and decreasing on (1 oo). The First Derivative Test

4
tells us that f has a local maximum at « = 1, with local maximum value f(3) = 3. [ |

Definition 4.24. Let f be differentiable on an open interval I. If f' is increasing on I, then f
is concave up on I. If ' is decreasing on I, then [ is concave down on I.

If f is continuous at ¢ and there exists some v > 0 such that f is concave in one sense on
(¢ =7, ¢) and concave in the opposite sense on (c,c+ ), then (¢, f(c)) is an inflection point

of the graph of f.

Notice that here the property of concavity is only defined on open intervals, unlike the
property of strict monotonicity.

Example 4.25. Consider any linear function f(z) = ma + b, where m and b are constants.
Where is f concave up, and where is it concave down? We have f’(x) = m, a constant function.
By Definition [£.19] f’ is neither increasing nor decreasing on any interval I C R, and thus
Definition makes clear that f is neither concave up nor concave down on any open interval
in R. As a consequence, no line possesses the property of concavity anywhere along its length,
and there are no inflection points. |

Theorem 4.26 (Concavity Test). Suppose that f” ezists on an open interval I.

1. If f" >0 on I, then f is concave up on I.
2. If f" <0 on I, then f is concave down on I.

Proof. We start by observing that the existence of f” on the open interval I implies that f’ is
differentiable on I, which in turn implies that f’ is continuous on I and f is differentiable on I.

Proof of Part (1). Suppose that f” > 0 on I. Since f” = (f’)’, by Theorem [4.20[1) it follows
that f’ is increasing on I, and thus by definition f is concave up on I.

Proof of Part (2). Suppose that f” < 0 on I. Since f” = (f’), by Theorem [4.202) it follows
that f” is decreasing on I, and thus by definition f is concave down on I. |
Example 4.27. Find the intervals of concavity for the function

g(x) = 200 + 8z° + a*,

and find any inflection points.
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Solution. We start by obtaining the second derivative of g,
g’ (x) = 48z + 1222

Clearly ¢” is defined everywhere, but ¢”(x) = 0 yields the solutions x = —4 and = = 0. We
next evaluate g(x) at convenient values in the intervals (—oo, —4), (—4,0), and (0, 00); we have
g"(—=5) =60>0, ¢"(—1) = =36 < 0, and ¢"(1) = 60 > 0. Since ¢” is continuous everywhere,
by the Intermediate Value Theorem we conclude that ¢” > 0 on intervals (—oo, —4) and (0, 00),
while ¢” < 0 on (—4,0). The Concavity Test then implies that ¢ is concave up on (—oo, —4),
concave down on (—4,0), and concave up on (0, 00). Because g is continuous at —4 and 0 in
particular, we conclude that

(—4,9(—4)) = (—4,—56) and (0,g¢(0)) = (0,200)
are inflection points of the graph of g. |
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4.4 — THE GRAPHS OF FUNCTIONS

The various tests introduced in the previous section, taken together with the study of
asymptotes made in §2.4 and §2.5, furnish a means of determining the general shape of the graph
of many kinds of functions without plotting very many points. Indeed, the tools of differential
calculus developed thus far can enable us to spot features in a graph that might otherwise
be all but indiscernible on the pixelated displays of computer algebra systems. In particular,
inflection points and local extrema that are not apparent on a calculator screen are often easily
apprehended in the course of studying a function’s first or second derivative.

Example 4.28. Let

x
f@) = —m—

(a) Find the domain of f.

(b) Find the intercepts of f.

(c) Find the asymptotes of f, and any points where y = f(z) intersects an asymptote.

(d) Use f’ to find intervals of increase and decrease, then obtain critical points and find local
extrema.

(e) Use f” to find intervals where f is concave up and concave down, and identify inflection
points.

(f) Sketch the graph of f.

Solution.
(a) The domain is (—o0, 00).

(b) Since f(z) = 0 has only z = 0 as a solution, the point (0,0) is the sole z-intercept, which
happens also to be the y-intercept.

(c) There is a no vertical asymptote. However, since

T T 1
Im f(z)=lim ————— = llm — = lim —— =
x%oof( ) T—00 ’SL’|1/1+$_2 z—oo p4/1 + 2 z—00 4/1 4 =2

y = 1 is a horizontal asymptote; and since

L,

z T —1
lim f(r)= lim ——— = lim ———— = lim —— = —1,
a:~>foof( ) Z——00 |J]|*/].—|—[E_2 z—00 —gp/1 4+ =2 z—00 \/] 4+ 2
another horizontal asymptote is y = —1.

Any point where the graph of y = f(z) intersects a horizontal asymptote will be a point
(z,y) for which f(z) = £1. But f(z) = +1 implies + = +v/22 + 1 and thus 2? = 2? + 1,
which is impossible. Therefore no intersections occur between the graph of f and its hori-
zontal asymptotes.

(d) With the quotient rule of differentiation,

2 +1—x- Lz +1)712(22) 1

f(x) = 2211 - (22 + 1)3/2°
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FIGURE 23.

which shows that f’ > 0 on (—o0,00), and thus f is increasing everywhere by the Mono-
tonicity Test. There are no critical points, and hence no local extrema.

(e) Differentiating f’ gives
3T
1! -
fi(@) = (22 +1)5/2°
Clearly f” > 0 on (—o00,0) and f” < 0 on (0,00). By the Concavity Test we conclude that
f is concave up on (—o0,0) and concave down on (0, 00). Since concavity changes at 0 and
0 € Dom(f), it follows that (0,0) is the only inflection point on the graph of f.

(f) The sketch of the graph of f is in Figure , with the inflection point marked in black. W

Example 4.29. Let

(a) Find the domain of f.

(b) Find the intercepts of f.

(c) Find the asymptotes of f.

(d) Use f’ to find intervals of increase and decrease, then obtain critical points and find local
extrema.

(e) Use f” to find intervals where f is concave up and concave down, and identify inflection
points.

(f) Sketch the graph of f.

Solution.
(a) The domain is Dom(f) ={z € R: 2z # —1} = (o0, —1) U (=1, 00).

(b) Since f(0) = —1, the y-intercept of f is (0, —1). As for any z-intercepts, set f(x) =0 and

solve for x:
3 —1

3+ 1

fl)=0 =
Thus f has z-intercept (1,0).
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We have
3 3
x> —1 x> —1
lim =+o00 and lim = —
a—m—1- 23 + 1 * a—s—1+ 23 + 1 ’
so there is a vertical asymptote x = —1. Also
-1

bl

1m =
r—+oo ;133 —+ 1

so there is a horizontal asymptote y = 1.

Differentiating f gives

(23 +1)(32%) — (2% — 1)(32?) _ 62>
(23 + 1) @3+ 1)

It can be seen that f' > 0 on (—oo,—1) U (—1,0) U (0, 00), which shows that f is increasing
everywhere on its domain except at 0.

The only critical point for f that lies in Dom(f) is = 0, since f'(0) = 0. However,
because f > 0 for all z on (—1,0) U (0,00), by the First Derivative Test no local extremum
lies at « = 0.

f'(x) =

Differentiating f’ gives

(z° + 1)%(12z) — (62%) - 2(2® 4+ 1)(32?)  12z(1 — 22°)
(a:3 n 1)4 - ($3 4 1)3

f'(@) =

Setting f”(x) = 0 implies that either 12z = 0 or 1 — 223 = 0, from which we obtain solutions
x=0,2"13

Now, f(—2) ~ 1.19 > 0, and since f”(x) # 0 for all x € (—o0, —1) and f” is continuous
on (—oo, —1), the Intermediate Value Theorem implies that f” > 0 on (—oo, —1). Therefore
f is concave up on (—oo, —1).

Yy

1
1
1
1
[ -

—4 -1

4

FIGURE 24.
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Next, f"(—1/2) =~ —11.20 < 0, and since f”(z) # 0 for all z € (—1,0) and f” is
continuous on (—1,0), the IVT implies f” < 0 on (—1,0). Therefore f is concave down on
(—1,0).

A convenient value lying between 0 and 27/ is 1/2. We have f”(1/2) ~ 3.16 > 0, and
since f”(z) # 0 for all x € (0,27'/3) and f” is continuous on (0,27'/3), the IVT implies
f" > 0on (0,27'/3). Therefore f is concave up on (0,27/3).

Finally, f”(1) = —3/2 < 0, and since f”(z) # 0 for all z € (27'/3,00) and f” is
continuous on (2713, 00), the IVT implies f” < 0 on (27'/3,00). Therefore f is concave
down on (2713, c0).

The inflection points of f are (0,—1) and (27'/3,—1/3). Note that there is not an
inflection point at = —1 since f is undefined there!

(f) The sketch of the graph of f is in Figure with inflection points marked in black. |

Example 4.30. Let f(x) = 2'/3(x 4 3)%/5.

(a) Find the domain of f.

(b) Find the intercepts of f.

(¢) Find the asymptotes of f.

(d) Use f’ to find intervals of increase and decrease, then obtain critical points and find local
extrema.

(e) Use f” to find intervals where f is concave up and concave down, and identify inflection

points.
(f) Sketch the graph of f.

Solution.
(a) The domain is Dom(f) = (—o0, 00).

(b) Since f(0) = 0, the y-intercept of f, which doubles as an z-intercept, is (0,0). As for any
z-intercepts besides the origin, we set f(x) = 0 and solve for x:

f@)=0 = 2'3@+3)**=0 = z=-3,0.

Thus f has z-intercepts (0,0) and (—3,0).

(c) Since the domain of f is (—oo, 00) there can be no vertical asymptotes. And since f(x) — oo
as * — oo, and f(x) — —o0 as  — —o0, there are no horizontal asymptotes either.

(d) Differentiating f gives

2 1 221/3 (z +3)3
1N /34 ~1/3 | L, —2/3 2/3 _
fl(z)=x 3(x+3) +37% (x+3) 3(x+3)1/3+ 322/3
2z x+3 3r+3 r+1

T 32 1318 | 32%P(z 1 3)18 352z + 3)18 22z + 3)13

for any x # —3,0. We see that f' > 0if x+1 > 0 and x + 3 > 0, which implies that = > —1;
also f/ > 0if x +1 < 0 and x + 3 < 0, which implies that x < —3. Thus f is increasing on
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FIGURE 25.

(—o0, —3) and (—1,00) by the Monotonicity Test. Since f' < 0 on (—3,—1) we conclude
that f is decreasing on this interval.

Now we find the critical points for f. Setting f’(x) = 0 gives + = —1, which is one
critical point. As for = values for which f’(x) does not exist, we have x = —3,0, which are
two more critical points. Since f’ > 0 to the left of —3 and f’ < 0 to the right of —3, by the
First Derivative Test it follows that f has a local maximum at —3, with local maximum
value of f(—3) = 0. Since f’ < 0 to the left of —1 and f’ > 0 to the right of —1, f has a
local minimum at —1, with local minimum value of f(—1) = —+/4. Finally, since f' > 0 to
the left and right of 0, there is no local extremum for f at 0.

Next, we have
(23 4+ 32%)V3 — (x + 1) - £(2® + 322)7%/3(32? + 6)

" o
f(z) = (23 + 322)2/3
(v +32%) — (z + D(a* +22) 27
n (23 + 322)4/3 (a3 4 322)4/3

for all x # —3,0. Since
4
(23 + 32%)Y3 = ( o/ 2(z + 3)) >0

for all © # —3,0, we see that f” > 0 on (—oo0,—3) U (—3,0) and f” < 0 on (0,00), and so
by the Concavity Test f is concave up on (—oo, —3) U (—3,0) and concave down on (0, 00).
The point (0,0) is therefore an inflection point. At the point (—3,0) concavity does not
change so there is no inflection point there.

The sketch of the graph of f is in Figure with inflection point marked in black. |
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4.5 — OPTIMIZATION PROBLEMS

Example 4.31. A square-based, box-shaped shipping crate is designed to have a volume of 16
cubic meters. The material used to make the base costs twice as much (per m?) as the material
in the sides, and the material used to make the top costs half as much (per m?) as the material
in the sides. What are the dimensions of crate that minimize the cost of materials?

Solution. The base of the box is square, so let = be the length of the base edges (the length
and width of the box), and let y be the height of box. The volume must be 16 m?, so 2%y = 16
and hence y = 16/2%. Let k be the cost per square meter (in dollars) for the material in the
sides of the box. The cost C' of the box is a function of z as follows:

Cla) = (2/{: (Iircl);lams)(x2 m?) +<0.5k dollars>(I2 m?) +4<k‘ d;llzlaurs><m 16 m2>,

m?2 22
cost Sfrbase COStE top cost gfrsides
and therefore . 64k
C(z) = —kx® + —.
(@) =3 "
We wish to find z such that the cost is minimized. We have
64k

Cl<£€) = bkx — ?,

and so if we set C’'(x) = 0 we obtain

4k 4
6—:0 = S5k’ —64k=0 = =64 = r=—.
1‘2 \3/5

Thus C(x) is minimized if we set = 4/3/5. That is, the box should have dimensions

Skx —

4 X 4 X V25
— 11 — 1 m
5 V5

in order to minimize the cost of its construction. [ |

Example 4.32. The intensity of a light source at a given location is directly proportional to
the strength of the source and inversely proportional to the square of the distance from the
source. Two light sources, one twice as strong as the other, are 12 meters apart. At what point
on the line segment joining the sources is the intensity the weakest?

Solution. Let L; and Ly be the weaker and stronger light sources, respectively, and let I; and
15 be their intensities. If p is the point on the line segment joining L, and L, that is a distance
of x from Ly, then I; and I, may be characterized as functions of x:

kZSQ
(12 — )%’
where k > 0 is a constant of proportionality (dependent on what kind of unit is being used to

quantify “intensity”), and s1, so > 0 are the “strengths” of L; and Ls. The total light intensity
I at p is thus

1

ks
[1<.§L') = ? and [2(.1') =

ks 2ks
I(z) = Li(z) + L(z) = x—; t _;)2, z € (0,12),
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where we use the fact that sy = 2s;.

We must find the global minimum for /, which is the minimum value I(x) attains for
0 <z < 12. We have
~ 2ks N dksy  2ksi[22° — (12 — z)°]

w3 (12—2)3 z3(12 — x)3 ’

I'(z) =

and so from I'(x) = 0 we obtain the equation 223 — (12 — x)3 = 0, where

12
208 — (12— 2’ =0 = 22°=(12—-2)° = adr=12—2 = z= = =1,
1+ V2
which is approximately 5.31 and so is a critical point for I that lies in (0,12). There is no
x € (0,12) for which I'(z) does not exist, so there are no other critical points in (0,12). Since [
is continuous on (0, 12) and

3 15
]/(4) = _ESI{;SI <0 and I/(8) = 2_56k81 > O,

we conclude by the Intermediate Value Theorem that I’ < 0 on (0,2*), and I’ > 0 on (z*,12).

By the First Derivative Test I has a local minimum at z*, and since I is decreasing on (0, z*) and

increasing on (x*,12), we conclude that the local minimum at z* is in fact a global minimum.
Therefore the intensity of light between L, and L, is weakest a distance of

12
1+ /2

from the weaker light source L. |

~ 53l m

Example 4.33. An island under the sovereignty of the Empire is 3.5 km from the nearest point
on a straight shoreline, and that point is in turn 8 km away from a nuclear power plant on
the shore (see at left in Figure . There is a prison filled with dissidents on the island, and
to power it the Empire plans to lay electrical cable underwater from the island to the shore
and then underground along the shore to the nuclear plant. Assume that it costs $2400 per
kilometer to lay underwater cable and $1200 per kilometer to lay underground cable. At what
point should the underwater cable meet the shore in order to minimize the cost of the Empire’s
project?

Island Island
T o A
N v X
3.5 km % SEANEN
N Nuclear W Nuclear
\\ Plant . Plant
............. = e
Shore |«—— 8 km ———— Shore |j+— 2 —>}«— 8 — 0 —]

FIGURE 26.
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Solution. Let x be as show at right in Figure that is, = is the distance between the nearest
point on the shore to the island and the point where the cable will meet the shore. The cost

function is:

Cla) = (%%)(\/ﬁ 357 k) + (@)(8 ~ 2 k) = 24004/ 2 + % +1200(8 — ).

m

We take the derivative: e
O'(1) = ——— 1200

Va?+49/4

Note that there is no x value for which C’(z) does not exist. On the other hand,

2 19 19
C2)=0 = ——— 120 = 20=1/22+— = 42®=2>+—
22 +49/4 1 4

49 49 7 7V/3

YT TV T 93 6

Thus, if the cable meets the shore at a point about 8 — 5.98 = 2.02 km away from the nuclear
plant, the cost will be minimized. [ |
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4.6 — LINEAR APPROXIMATION

Example 4.34. We use linear approximation to approximate the value of v/33. Let f (x) = Jx.
Since we know that v/32 = 2, and 32 is reasonably close to 33, we find the linear function L
that provides a linear approximation of f at x = 32. From f'(z) = tz=*° we obtain
132y = L3y = L
f32) = (32 =
which is the slope of the line generated by L. A point on the line is (32, f(32)) = (32, 2), and so
by the point-slope formula the line has equation

1
—2=—(x—32
and hence 1 8
L = — -
(x) 80:1:—|— 5

is the linear approximation of f at 32. That is, f(z) ~ L(z) for all x near 32. In particular

1 8
V33 = f(33) = L(33) = %(33) + = = 20125,
which is quite close to the actual value 2.01234661.... The percent error is
Actual Value — Approximate Value

Actual Value x 100% =~ 0.0076%.

The linear function L also provides a good approximate of, say, v/37:

; 1 8
V37 = f(37) ~ L(37) = 35 (87) + £ = 2.0625,

which is still close to the actual value 2.05892413.... The percent error is about 0.174%. [ |
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4.7 — IHOPITAL’'S RULE

Recall the following arithmetic conventions: for any a € R, we define

+oo, a>0

4 (400) = 400, a/+00=0, and a-(do0)=
a+ (400) 00, a/+ o0 and a - (d+o0) {:Foo, .

Also, letting co stand for +oo as we frequently do, we define co + 0o = 0o and —oo — 0o = —o0.
All addition and multiplication operations are taken to be commutative.
In contrast to the expressions above, expressions such as

0 - —
U +00 00 +00 00 (4.10)

00 400 —o0 —0 @ 400

(the last four we henceforth lump together as co/00) have no definitive real-number or infinite
value, and thus are called indeterminant forms. This is not quite the same as saying the
forms are “undefined” in the sense that, say, 3/0 is undefined. The form oo/oo, for instance,
arises in attempting to evaluate the limit

I2

T—0 U
Since 2% — oo and x® — oo as ¥ — 00, we see that 2/x® — oo/o0 as x — oo. However, we
know this does not necessarily mean the limit does not exist: with a little algebra the limit is
easily resolved into a real-number value:
2
. .1
lim — = lim — =0.
T—00 I r—00 I

So in this case we find that co/oco resolves into 0. With another limit we may find co/oo resolves
into 1 or —%.

The following three theorems taken together are called L’Hopital’s Rule. The rule is a
technique that helps to evaluate many limits that present an indeterminant form. It is possible to

express the rule as a single theorem, but it would come at the cost of either clarity or precision.

Theorem 4.35 (L’Hopital’s Rule: Left-Hand Version). Let f and g be differentiable on
(a,b) with —oo < a < b < o0, and let g'(x) # 0 for all x € (a,b). Suppose that f'(x)/¢'(x) — L
as x — b~ for some —oo < L < 0. If

lim f(z)= lim g(x) =0 or lim |g(z)] = +o0,
z—b— z—b— x—b~
then f(x)/g(x) = L asx — b~
Theorem 4.36 (L’Hoépital’s Rule: Right-Hand Version). Let f and g be differentiable on

(a,b), where —oo < a < b < 0o, and let ¢'(x) # 0 for allx € (a,b). Suppose that f'(x)/¢'(x) — L
as x — at for some —oo < L < co. If

lim f(z)= lim+g(x) =0 or lim |g(x)] = +oo,
Tr—a

z—a™t r—a™t

then f(x)/g(x) = L as x — a™.

The two one-sided versions of L’Hopital’s Rule taken together readily imply a special
two-sided version of the rule, stated as follows.
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Theorem 4.37 (L’Hopital’s Rule: Two-Sided Version). Let f and g be differentiable
on Bl(c) for some ¢ € R and v > 0, with ¢'(x) # 0 for all x € Bl(c). Suppose that
lim, . f'(x)/¢'(x) = L for some —oo < L < oo. If

lim f(z) = lim g(x) =0 or lim |g(x)| = +oo,
then lim,_,. f(z)/g(x) = L.

Note that in Theorem [£.35] the left-hand limit can even take z — +o00, and in Theorem
the right-hand limit can take x — —oo. However, in Theorem |4.37] we must have x — ¢ for
some ¢ € R (so ¢ # £00).

Example 4.38. Evaluate the limit
I sinr —x
xli[(l] T3

Solution. Since sinz — 2z — 0 and 72® — 0 as z — 0, we see the limit presents us with a 0/0
indeterminant form. Let f(z) = sinz — z and g(x) = 723, so the limit under consideration
may be written as lim, o f(z)/g(z). Note that both f and g are differentiable everywhere, so

in particular they are differentiable on B’ (0) for, say, v = 1. Also ¢'(z) = 2122 # 0 for all
x € B1(0). Now, since

. IRT . . _ . 1 3 _

glglir(l) flz) = glglg(l)(smx z) =0 and glﬂlir(l] g(x) glcl_% Tz° =0,

Theorem implies that

. sine—x . f(z) . fl(x) .. cosx—1
lim ———— = lim —= = lim = lim ————.
z—0 T3 z—0 g(x) z—0 g’(:p) r—0 2112

(4.11)

However, the limit at right in (4.11)) is also a 0/0 indeterminant form. Can we use L’Hopital’s
Rule rule again? Since f’ and ¢’ are differentiable on Bj(0), ¢"(z) = 42z # 0 for all z € B/(0),
and

. / R F o — s / — 1 2 —
ilg(l)f (x) = EE%(COSI 1)=0 and ili](l)g (x) :1512(1) 212" =0,
Theorem implies that
1 / " o
lim €58 =L g, S@) L@ Zsine (4.12)
z—0 21x2 =0 g'(x)  2-0 ¢"(x) 220 42z

But the limit at right in (4.12)) is once again a 0/0 form! Once again we find we can use Theorem
to obtain

—sinx I () . f"(x) i — S8 1
1 == = e = ——.
z—0 42z =0 g"(x)  2—0 g"(x) =0 42 42
Therefore
I sinz —x 1
m-—=——.
z—0 7{L‘3 42
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There are other indeterminant forms other than the ones given in (4.10). The ones we
consider in this section are

+o00—00, —oo+4o00, 0-(£o0), (£oo)-0.
We let oo — oo denote the first two, and 0 - co denote the last two. These forms are not directly

addressed by L’Hopital’s Rule, but usually some simple algebraic prestidigitation within a limit
will turn these forms into either 0/0 or co/cc.

Example 4.39. Evaluate the limit
i ( 1 )
lim| ——cotz].
z—=0 \ T

Solution. Let h(x) = 1/x — cot z, and note that lim, ,o+ h(z) and lim, ,o- hA(x) present the
indeterminant forms +o0o — oo and —oo + 00, respectively. Neither of these forms is addressed
in our L’Hopital’s Rule theorems above. However, for all x € B’ (0) we have

1 cos T sinx — xcosx

— —coter = — - = -
T r sinzx rsinx
and so . _
) . sinx —xcosx
lim (— — cot x) =lim —m——— (4.13)
z—0 \ 1 z—0 Trsimmax

by Theorem [2.18] Now, the limit at right in (4.13]) presents a 0/0 indeterminant form. By
Theorems and [2.12], and Lemma [3.18] we finally obtain

. sinx —xzcosx . (sinx—zcosx) . rsinx
lim ——— = lim _ =lim ———
250  xsinx z—0 (xsinz) 2—0 sin T + T cos T
, rsinx 1/z , sinz
= lim ( — : =lim ———
e=0 \sinz +xcosz 1/x 20 sinx
—— +cosz
x
lim sin 0
. sinx 1+1
lim + lim cosx
x—0 x—0

Therefore

1
lim <— — cot x) =0.
z—0 \ &
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4.8 — ANTIDERIVATIVES AND INDEFINITE INTEGRALS

We begin with the notion of an antiderivative of a function f, which is quite simply any
function whose derivative is equal to f.

Definition 4.40. Let S C R be an interval or a disjoint union of intervals, and let f be a
function with S C Dom(f). An antiderivative for f on S is a function F : S — R such that
F'(x) = f(x) forallxz € S.

Example 4.41. If f(xz) = 0 for all z € (—o00,00), then an antiderivative for f on (—o0, o)
is the function F' given by F'(z) = 1 for all z € (—o00,00). More concisely we say that an
antiderivative for 0 is 1, with the understanding that here 0 and 1 represent constant functions
and not numbers. |

Example 4.42. An antiderivative for sinz on (—o0,00) is — cos z, and an antiderivative for
cosz on (—o00,00) is sin .

An antiderivative for sec?z on (—m/2,7/2) is tanz. In fact, tanz is an antiderivative for
sec?z on (—7/2 + nmw,7/2 + nm) for any integer n, and as a result tan z is an antiderivative for
sec? z on the set S C R given by

which is the union of all intervals of the form (—m/2 + nm,7/2 + nrw), n € Z. [ |

If the set S in Definition contains any left endpoints a or right endpoints b, then F’(a)
and F’(b) are defined by appropriate one-sided limits,

: _ F(x) — F(a)
Fila) = a:lg(l;l+ r—a - z—b— xr—0b
which is to say only one-sided differentiability of F' is required at endpoints. For instance if F’
is an antiderivative for f on S = (—o0, —1] U [1,00), then at 1 there is only required to be a
right-hand derivative, and at —1 there is only a left-hand derivative.
If F'is an antiderivative for f on some interval I, so that F'(z) = f(z) for all z € I, then
for any constant ¢ we find that the function F' + c is also an antiderivative on I:

(F+ ¢ (2) = (F + ¢)(@) = F'() +¢(2) = f(x) +0 = f(x) (4.14)

for all x € I, with the derivative operator ' indicating the appropriate one-sided derivative
at any endpoint of I. Thus if a function has one antiderivative on I, then in fact it has an
infinite number of antiderivatives on I which differ from one another by a constant term. A
question naturally arises: are there any antiderivatives for f on I that do not differ from the
antiderivative F' by a mere constant? The next theorem makes clear the answer is no.

Theorem 4.43. Let f be a function, and let I C Dom(f) be an interval on which there is an
antideriwative ® for f. Then

{F : F is an antiderivative for f on [} = {® +c:ce R}



116

Proof. The fact that

{®+c:ceR} C{F: Fis an antiderivative for f on I}
has already been demonstrated by equation (4.14]) above.
For the reverse containment, suppose F' is any antiderivative for f on I. Then F' and ®
are differentiable on I, which implies that F' and ¢ are continuous on /. Moreover we have

F'(xz) = ®'(x) = f(z) for x € Int(]), and so by Proposition there exists some constant ¢
such that F(z) — ®(z) = ¢o for x € I. Thus F' = ® + ¢y, and therefore F' € {P+c:c€R}. A

This is a wonderful result, because it means that once one antiderivative for f on I has been
found, then all the antiderivatives for f on [ are known.

Definition 4.44. Let I C R be an interval, and let f be a function with I C Dom(f). The
indefinite integral of f on I, denoted by [f or [f(x)dx, is the family of all antiderivatives
for f on I. That is,

/f = {F : F is an antiderivative for f on I}. (4.15)
In [ f the function f is called the integrand.

The interval I mentioned in Definition [4.44] is left purposely vague and is not built into the
symbol [f. This is why [ f is referred to as an “indefinite” integral. Commonly I it taken to
be the largest interval in R on which f possesses an antiderivative, but there are times when
it is convenient to consider some smaller interval, and other times when two or more disjoint
intervals must be considered. In fact, as we’ll see in Example below, if a function has an
antiderivative that is only valid on two or more disjoint intervals, then a different arbitrary
constant term may be chosen for each interval of validity.

Proposition 4.45. If F' is an antiderivative of f on an interval I, then
/f_{F+c:c€]R}. (4.16)

Proof. Suppose F' is an antiderivative of f on I. Then by Theorem the family of all
antiderivatives of f on I is the set {F' 4 ¢: ¢ € R}, and so we see that (4.16)) follows directly
from (4.15]). |

In practice (4.16)) is written as either
/sz—i—c or /f(x)dx:F(x)—i-c,

where the x in the latter symbol may be replaced with some other letter.
For any o € R and function f that has an antiderivative on some interval I we define

a/f = {«aF : F is an antiderivative for f on [} = {aF F e /f} . (4.17)
If f and g are functions that each have an antiderivative on I, then we define

/f + /g ={F 4+ G : F,G are antiderivatives for f,g on I}
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:{F+G:F€/fandG€/g}. (4.18)

As the next theorem shows, the indefinite integral [ largely satisfies linearity properties with
respect to the operations defined by (4.17)) and (4.18)), except in the case of when a = 0.
Before stating the theorem, we observe that if f, g have antiderivatives F,G on I, then af and
f + g likewise have antiderivatives on I due to the linearity properties of the differentiation
operation. In explicit terms, since

(aF)Y =aF =af and (F+G)=F+G = f+y,

we see that aF" is an antiderivative for af on I, and F' + G is an antiderivative for f + g on I.

Theorem 4.46. If f and g each possess an antiderivative on an interval I, then the following
hold.

1. [(af) =a [f whenever a # 0.
2. [(f+9)=[f+]g

Proof.
Proof of Part (1). Fix a # 0. Let ® be an antiderivative for f on I, so that a® is an
antiderivative for af on I. Two applications of Proposition yields

/af:{a<D+c:c€R}:{afb—i—ac:ceR}:{a(q)—i—c):CGR}

= {«aF : F is an antiderivative for f on I} = « / 1,

where the fact that ¢ € R is arbitrary implies that the terms c and ac can each be any real number.

Proof of Part (2). Let ®, ¥ be antiderivatives for f,g on I, respectively. Since ® + ¥ is an
antiderivative for f + g on I, two applications of Proposition yields

/(f+g):{(<I>—|—\IJ)—|—C:CGR}:{(<I>+\I/)+(01+02):cl,cgeR}
={(P+c1)+ (V+c2):cy,00 €R}

={F + G : F,G are antiderivatives for f,gon I} = /f + /g,

where the fact that ¢, ci,co € R are arbitrary implies that the terms ¢ and ¢; + ¢ can each
attain any real value. |

As already indicated in the proof of the theorem, if F, G are particular antiderivatives for
f,g on I, then by Proposition we can rewrite (4.17)) as

oz/f-{ozF—i—c:cER}, (4.19)

and equation as
/f+/g={(F+G)+c:c€]R}. (4.20)
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In practice (4.19) and (4.20) may be written simply as
a/f:aF+c and /f+/g:(F—|—G)—|—c.

Now from Theorem [4.46]1) we see that to find [(a.f), it suffices to find a particular antiderivative
F for f on I, and then add an arbitrary constant ¢ to aF. Similarly, Theorem [4.46|2) shows
that to find [(f + g) it’s enough to find particular antiderivatives F, G for functions f, g on I,
and then add an arbitrary constant ¢ to F' 4+ G.

Example 4.47. Find the indefinite integral

/91:2 dz.

Solution. By “find the indefinite integral” is meant to determine explicitly (up to an arbitrary
constant) an antiderivative for the function 922, and also every interval I on which the anti-
derivative is valid. In the case of 922 an antiderivative is 3z*, which is valid on (—o0, 00). Thus
for arbitary constant ¢ we have

/9x2dx =323+ ¢
for all x € (—o0,0). [ |

Example 4.48. Find the indefinite integral

/\x|dm

Solution. Let f(z) = |z|. Since f(z) = z for all > 0, an antiderivative for f on (0,00) is
Fi(z) = 2% On the other hand for z < 0 we find that f(z) = —z, and so Fy(z) = —327 is an
antiderivative for f on (—o0,0). Noting that F;(0) = F»(0) = 0, we can combine F; and F; to
obtain a single continuous function F' defined on R:
1

F(z) = §x|x| (4.21)
We have F'(x) = f(z) for all z # 0, and so F' is an antiderivative for f on (—oo,0) U (0, c0).
What about x = 07 We must check to see if F'(0) = f(0). We have

. F(h)—F@0) . ihh=0 1
/ — - 7 @ 7 — 200 - = — =
F(0) = A, h A, g =10,
e (h) — F(0) 3/Alh — 0
F(h)—F(0 5 — 1
/ — 1 frg i 2 = —— 1i =
F20) = hlﬂ%l— h hh—f(r)l— h 2 hh—gl— h=9,

and so since F (0) = F’ (0) = 0, it follows that F'(0) = 0 = f(0). Hence F given by (4.21) is
an antiderivative for f on (—oo, 00), and we conclude that

1
/|x|d1’ = §x|$| +¢, x€(—o00,00).

We have our answer: an antiderivative %xm, an arbitrary constant ¢ added to the antiderivative,
and an interval of validity (—oo,00) that is as inclusive as it can be. We have “found” the
indefinite integral. |
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Example 4.49. Find the indefinite integral
1
—=dx.
/ 3V x?

1
3t

3 r_ 1/3 /_1 -2/3 _ 1 _

(Va) = (@) = 3o~ = = fla)

for = # 0, it follows that /z is an antiderivative for f on the intervals (—oo,0) and (0, c0).
There is no hope of there being an antiderivative for f at x = 0 since 0 is not in the domain of
f. As there is nothing that compels the constant term in an antiderivative of f on (—o00,0) to

be the same as the constant term in an antiderivative on (0, 00), we have, most generally,

/ 1 dx:{%+cl’ ifx <0

Solution. Let

/(@)

Since

3V a2 Jr+cy, ifxz>0.

Here c¢; and ¢y are arbitrary constants, not necessarily equal. |

Example 4.50. Find the indefinite integral

1
/(2\30] + W> dx.
Solution. By Theorem [4.46]

1 1 1
/(2|m|—|— W) dx:/2|a:|dx—|—/\3/?d$:2/|x|dx+3/33—\/§dx. (4.22)

The two indefinite integrals at right in (4.22]) were already found in Examples and [4.49;
the first has expression $z|z| + ¢ for 2 € (—o0, 00), while the second has expression /z + ¢; for
z <0 and /x + ¢z for x > 0. Therefore from (4.22)) we conclude that

5 1 i — 2(5z|x|)+3Yx + 1, ifx<0
|{E| + \5/—2 T = 92(1 3 i
T (3zlz|)+3¥x + ¢, ifx>0

_Jazlx| + 3¢+, fax<0
xlz|+3r+ ¢y, ifz>0.

Though technical exactitude is desirable when first making a study of a new mathematical
concept, we shall henceforth be a bit less formal and simply write things like

1
/(2[90\ + \S/P) dr = z|z| + 3V/x +

with the understanding that the arbitrary constant c is free to assume different values in different
intervals of validity.
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Example 4.51. Find the indefinite integral

/ tan? zdx.

Solution. Since tan?z = sec’ r — 1 and (tanz)’ = sec? z, we find that
/tanQ:Ud:c = /(sech —1)dz =tanz —z + ¢

As discussed in Example [4.42] each interval of validity has the form I, = (-7 /2+nnm,7/2+nn),
where n is an integer; and in each interval [,, the arbitrary constant ¢ may assume a different
value ¢,. [ |
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INTEGRATION THEORY

5.1 — THE RIEMANN INTEGRAL

Let f be a continuous function such that f(x) > 0 for all a < z < b, so that y = f(x) graphs
as a curve that lies above the x-axis. The question arises: what is the area of the region in
the zy-plane that is contained within the graphs of the equations x = a, x = b, y = 0, and
y = f(z)? Figure[27(a) provides an illustration of this region, which is customarily referred
to as the “region under f between a and b”. A better question might be: what should be the
mathematical definition for the area A under f between a and b be?

What we have on hand from geometry is a precise definition for the area of a rectangle,
length times width, and so it seems reasonable to set out by first using, say, 10 rectangles to
get a rough approximation of A, as shown in Figure (b) To get a better approximation we
increase the number of rectangles to 20 as in Figure 27|c), and then to 50 as in Figure 27|(d),
and so on into the hundreds, the thousands, and the hundreds of thousands. Should we not
expect our ever more refined approximations to draw ever nearer to some particular positive
value? We are, after all, carrying out a kind of limit process. We define the area A to equal the
value of this limit process.

In this section we establish some of the basic machinery that, when fully threshed out in
sections to come, will allow us to determine many areas under curves with relative ease, as well
as solve a host of other problems both practical and theoretical.

Before going forward a choice is offered to the reader. The first choice is to proceed in linear
fashion from here up to and including Theorem without skipping anything. The second
choice is this: from here read up to but excluding Definition [5.1] then skip to §5.2 and read
up to and including Theorem [5.10] (only taking that theorem to be a definition), then reading
the part of §5.1 coming after Definition [5.4] omitting the proof of Proposition [5.7 The first
choice presents the Riemann integral more as in a mathematical analysis book, while the second
approach is more in line with a mainstream calculus book.

A partition of a closed, bounded interval [a,b] C R is a finite set of points

P = {xi}?:o - [a? b]>
called grid points, such that

a=xg< a1 < - <xy, =0
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FIGURE 27.

The grid points divide the interval [a, b] into smaller intervals:
[a7 b] = [a7 501] U [371, 332] U [5’727 953] U---u [‘I'nf%xnfl] U [Cﬁnfh b}-

It is in this sense that the interval [a, b] is “partitioned”. For each 1 <i < n we call I; = [z;_1, x;]
the 7th subinterval of the partition P, and the length of the ¢ subinterval is

Al’z‘ =T — Tj—1-
The mesh of P, denoted by || P||, is the length of the longest subinterval of P; that is,
| P|| = max Az;.
1<i<n

The collection of all possible partitions of [a,b] we denote by P([a,b]) or Pla, b].

Notation. It is convenient to denote a partition {z, z1,...,2,} more compactly by {zx}7_,
and write {zx}7_, € Pla,b] to specify that {z\}}_, is a partition of the interval [a, b].

Definition 5.1. Let f : [a,b] — R be bounded, and let P = {xx}}_, € Pla,b]. Define
My, =sup{f(z):xp_1 <z <z} and my =inf{f(z): xp_1 <z < x4}
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for each 1 < k <n. Then

U(P, ZMkAxk and L(P,f)= kaAxk

k=1

are the upper sum of f with respect to P and lower sum of f with respect to P,
respectively.

Note that since f is bounded on [a, b, ], it must be bounded on each [z4_1, 2x] C [a, b] and
hence M, and m; must be real numbers as a consequence of the Completeness Axiom of R.

Definition 5.2. Let f : [a,b] — R be bounded. The upper Riemann integral of f over
[a, b] is

/f_mHWRﬁ:PEPMML

and the lower Riemann integral of f over [a,b] is

!/f:wmuRfyPEPMM}

Proposition 5.3. If [ : [a,b] — R is bounded, then
) b
/ f and / f

Proof. Suppose that f : [a,b] — R is bounded. Then there exists some M € R such that
f(z) < M for all x € [a,b]. Let P = {xx}}_, € Pla,b]. For each 1 <k <n we have f(z) <M
for all € [zy_1, zx], and so

exist in R.

=inf{f(z) a1 <z <z} <M

for each 1 < k < n. Thus

f) :kaAxk < ZMA:Ek:MZAxk =M(b—a),
k=1 k=1 k=1

and since P € Pla, b] is arbitrary we conclude that the real number M (b— a) is an upper bound
for {L(P, f) : P € Pla,b]}. Therefore by the Completeness Axiom the least upper bound of
{L(P, f) : P € Pla,b]} is real-valued, which is to say

b
/ f =sup{L(P, f): P € Pla,b]}

exists in R.
The proof of the statement concerning the upper Riemann integral of f over [a, b] is similar
and so left as an exercise. |
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Definition 5.4. A bounded function f : [a,b] — R is Riemann integrable on |a,b] if

/f /f—QeR

We call the real number Iy the Riemann integral of f over [a,b], and denote it by the symbol

/abf or /abf(x)dx.

The set of all functions that are Riemann integrable on |a,b] is denoted by Rla,b].

The Riemann integral, also known in these notes as the definite integral, is just one of
many different kinds of integrals defined in mathematics. In the symbol fab f, which in practice
may be read as “the integral of f from a to b,” we call a the lower limit of integration, b the
upper limit of integration, and f the integrand.

The x in the symbol
b
/ f(z)dx (5.1)

given in Definition is called the variable of integration. It is also called a dummy
variable, since we could substitute other letters for z and the meaning of the symbol would be

unchanged. Thus , b b
/f(@dx’ /f(t)dt, /f(u)du

and so on are all considered identical Riemann integrals. As the simpler symbol fab f suggests,
only the integrand f and the limits of integration a and b uniquely determine a Riemann integral.
Using the symbol is preferred especially when the function [a,b] — R in the integrand
has no designation. Thus we may write
9
/ 22 dx
0

to denote the Riemann integral fog f with integrand f(x) = 2. The symbol (5.1]) is also useful
when there is more than one independent variable present in an analysis, as will often be the
case from Chapter 13 onward.

Proposition 5.5. Let c € R. If f = ¢ on [a,b], then f € R[a,b] and fabf =c(b—a).

If f =con [a,b] then it’s common practice to write

/abc:c(b—a) or /abcdx:c(b—a),

depending on one’s preference.

Example 5.6. Let € R such that r # 0, and let ¢ € [a,b]. If
0, z#c
fla) = { .

r, r=-c

then f € Ra,b] and fff =0.
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FiGURE 28. The unit step function.

For the next proposition we introduce the unit step function u : R — R, defined by

{o, if <0

U =N e s 0

See Figure 28, This function has great importance in, for instance, the study of differential
equations and the Laplace transform.

Proposition 5.7. Let c € R. If f(x) = u(xz — ¢), then f € Rla,b] for any —oo < a < b < 0.

Proof. Suppose f(x) = u(x — ¢), and let [a, b] be any closed, bounded interval. We have
0, ifez<ec
-]

1, ifx>c

so if ¢ < a then f(x) =1 for all = € [a,b], which is to say f is a constant function on [a, b]
and therefore f € Rla,b] by Proposition [5.5 Similarly, if ¢ > b then f = 0 on [a, b], and so
f € Rla,b] follows from Proposition [5.5/ once more. If ¢ = b, then f(z) =0foralla <z <b
and f(b) = 1, and thus f € R|a, b] obtains from Example [5.6]

It remains to analyze the case when ¢ € (a,b). Let P = {z;}, € Pla,b] be such that ¢ ¢ P.
Then there exists some 1 < k < n such that zx_; < ¢ < x%. Since u(x — ¢) =0 on [a, Tj_4], for
1 <i<k—1we have

m; = inf{u(x —¢) 1z € [z;_1,2;]} =0
and
M; = sup{u(x — ¢) : x € [x;_1,2;]} = 0.

On [zg_1,xx] we have u(z —c) =0 for 24y <z < cand u(zr —c) =1for c <z < zp, 80 my =0
and M), = 1. Finally, since u(x —¢) = 1 on [z, b], for k+1 < i < n we have m; = M; = 1. Now,

n k n n
=1 =1 i=k+1 i=k+1

= Z(xi—xi,l):xn—xk:b—xk<b—c
i=k+1

and

n k—1 n n
i=1 =1 i=k i=k
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n

(t;—miq)=xp—Tp1=b—xp_1>b—cC
i—k

Now suppose P = {z;}I, € Pla,b] is such that ¢ € P and ||P|| < € for arbitrary € > 0.
Then there exists some 1 < k < n — 1 such that ¢ = xj. Since u(z — ¢) = 0 on [a, x4, for
1 <i<k—1wehave m; = M; =0. On [xy_1, 2] we have u(z —c¢) =0 for 41 < x <z} = C
and u(r —c¢) = 1 for z = xp = ¢, so my = 0 and M}, = 1. Finally, since u(x —¢) = 1 on
[z, b] = [c,b], for k+ 1 <i < n we have m; = M; = 1. Nothing has changed except that now
T = ¢, SO

LPfy=b—ay=b—c and U(P, f)=b—ap_1>b—c.
We see that for all P € Pla,b] we have L(P, f) < b — ¢, with L(P, f) = b — ¢ possible if
¢ € P. This shows that b — ¢ is the least upper bound for {L(P, f) : P € P[a,b]} and therefore
b
/ f=sup{L(P, f): P €Pla,b]} =b—c.

As for U(P, f), certainly b — ¢ is a lower bound for U = {U(P, f) : P € Pla, b}, but is it the
greatest lower bound? Since ||P|| < € we have

Axr =2, —Tp_1 = C— xp_1 <€,

80 x;_1 > ¢ — € and therefore
b—c<U(P f)=b—ap1<b—(c—e€)=(b—c)+e

We see that b— c is a lower bound for the set U, and for every € > 0 there exists some P € Pla, b]
(so that U(P, f) € U) for which U(P, f) < (b —¢) + €. This shows that b — ¢ is indeed the
greatest lower bound for U. That is,

/bf:inf{U(P,f):PEP[a,b]}:b—c.

Lbf:ff

by Definition [5.4] it follows that f € R]a, b]. [ |

Since

From the proof, together with a glance at Proposition [5.5] and Example [5.6, we can see that

b
/u(x—c)d:c:b—c

for all ¢ € [a, b].
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5.2 — RIEMANN SuMsS

Given a partition P = {z;}}_,, a sample point from [z;_1, x| is any point z} chosen from
the interval, so that
Ty <y < 3
foreach 1 < k <n.

Definition 5.8. Given a function f : [a,b] — R, a partition P = {zy}}_, € Pla, b, and sample
points xj € [xgp_1,xk] for k=1,...,n, the sum

S(P.f) = flai) Az

is called the Riemann sum for [ with respect to P on |a,b).

In this definition as well as the next one it is important to bear in mind that the value of the
integer n depends on the choice of partition P. We could write np instead of n to emphasize
this, but will refrain from doing so to minimize clutter.

Definition 5.9. Let L € R. Then we define
lim S(P,f)=1L

lPl—0
to mean the following: for every e > 0 there exists some 6 > 0 such that if P = {x}}_, € Pla, b]
with 0 < ||P|| < 6, then

|S(P, f) — L| <e

for all choice of sample points x € [xr_1, 21|, 1 <k <n.

The following theorem provides, at least theoretically, a means of calculating a Riemann
integral by evaluating a limit. Further improvements are forthcoming.

Theorem 5.10. Let f : [a,b] — R be bounded. Then f € Rla,b] if and only if
lim S(P,f)=L

[1P[|—0

for some L € R, in which case fabf =1L.

Not every bounded function f : [a,b] — R is Riemann integrable on [a,b]. However if f is
continuous on [a, b] then integrability is assured, as we will see in §5.4. Indeed it is a fact that
f € Rla,b] even if f has a finite number of discontinuities on [a, b], so long as f is bounded on
[a,b]. We will not need this fact at this time, however.

For each n € R let P, = {zf,..., 2] } be some particular partition in P[a, b] together with
chosen sample points z}* € [z} _;,2}] for k = 1,...,p,. Given a function f : [a,b] — R, let
S(P,, f) denote the Riemann sum for f with respect to P, on [a, b]:

S(P, f) =) fap)Ax},
k=1
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where Az} =z} — z}_,. Now define

lim S(P,, f) =L

n—00

to mean the following: for every e > 0 there exists some integer N > 0 such that if n > N, then
|S(Py, f) — L| < €. (This kind of limit is called a “sequential limit” and will be developed and
analyzed more fully in Chapter 9.)

Proposition 5.11. Suppose f € Rla,b], and let {P, : n € R} C Pla,b] be a collection of
partitions (constructed as above) for which ||P,|| — 0 as n — oco. If

lim S(Py, f) = L
n—oo
for some L € R, then fabf = L.

Proof. Suppose that lim, o, S(P,, f) = L, where L € R. Since f € R]a,b], by Theorem m
there exists some M € R such that

/ f= lim S(Pf)= (5.2)

I1Pl[—=0

Suppose that M # L. Let € > 0 be sufficiently small so that L ¢ [M — 2¢, M + 2¢|. By
there exists some 0 > 0 such that, for any P € Pla,b] with 0 < ||P]| < §, we have
|S(P, f) — L| < € for all choices of sample points z}. Now, ||FP,|| — 0 as n — oo implies that
there exists some N € R such that ||P,|| < ¢ for all n > N, and thus |S(F,, f) — M| < € holds
for all n > N. This yields

_|S(Pnaf)_M|>_€7
and since |M — L| > 2¢ we obtain
and so by the Triangle Inequality |x — y| > ||| — |y|| we find that
[S(Pa, f) = LI = |(M = L) = (M = S(P,, f))]
> |[M = L] = |M = S(P,, /)]
> |M = L| = [S(Fy, f) = M| > €

holds for all n > N. But this implies that lim,, ., S(P,, f) # L, which is a contradiction.
Therefore M = L, and we conclude that fab f=0L. |

The idea is that the limit lim,,_,., S(P,, f) can be expected to be relatively easy to evaluate
since it acts on a specific sequence of partitions P, of [a,b], along with specific sample points,
that have been chosen for convenience.

Example 5.12. Evaluate f_21 f for f(z) = 32* — .
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Solution. For each n > 1 let P, € P[—1,2] be the partition that subdivides [—1,2] into n
subintervals each of length 3/n (the length of [—1, 2] divided by n). Thus,

P, ={ -1 +0(3/n2, -1+ 1(3/n2, -1 +2(3/n2, ol k(3/nl, ol +n(3/nl 1,

To T1 o ;; Ivn
where of course —1 4+ 0(3/n) = —1 and —1 + n(3/n) = 2, and so we obtain subintervals
[—1,—1+3/n],[-1+3/n,—1+2(3/n)],...,[-1+ (k—1)(3/n), =1+ k(3/n)],...

L=+ (n—1)(3/n),2).

We need only concern ourselves with the kth subinterval, since it is representative of all the
subintervals. A convenient sample point is z; = —1 + k(3/n), which is the right endpoint of the
kth subinterval. Now, since Ax, = 3/n for all k,

n

S(P,, f) = Zf 1+3/<:/n)(3/n):%Z[g(gk/n—u?—(?,k/n—l)]

:_2(2%2 21k ) nkllnzzkg ;’HZ‘l]

3 [27 n(n+1)2n+1) 21 n(n+1) } 141n? + 144n + 27
= — —_ + _ _— —|— 4’)’L = 5
n Ln? 6 n 2 2n?
and so
2 2 2
141 144 27
/ f:/(3x2—x)dx:hm5(Pn,f):1im Ot s
-1 _1 n—00 n—00 an
g WL 144/n 4 27/0? 1414040 141
i 2 - 2 T2
by Proposition [5.11} [ ]

Notice that the sequential limit in the example is handled in exactly the same way as the
limit at infinity of a rational function:
1412% + 144x + 27 i 141 + 144/x + 27/2* 141

lim = lim =
T—00 22 T—00 2 2

The full justification for this is given in Section 9.2.|Z|

Example 5.13. Use the definition of the definite integral to evaluate

/49\/5da:

"That sequential limits are not developed first in a traditional calculus course is one of the great tragedies of
modern civilization, for they are conceptually much easier.



130

Solution. The strategy of starting out by partitioning the interval [4,9] into n subintervals of
equal length Az = 5/n will not work. Indeed, if we attempt it and let } = 4 + 5k/n for each
1 < k < n, what results is

/\/_dx—hmz\/—Axk—hme<4+ ) nll_g)lonzvll—l—— (5.3)

which leaves us stymied since we don’t have any formula that resolves > ;_, \/4 + 5k/n as an
expression in terms of n.

The way forward is to give up on having the n subintervals in our partition be of equal
length. Instead, we should contrive to have the right endpoint of each subinterval be a perfect
square so that the square root in (5.3) can be evaluated.

Let f(z) = y/x. Referring to Figure , what we do is partition [2, 3] on the y-axis in the
expected way, choosing P € P[2,3] to be

P={2,241/n,242/n,...,2+k/n,...,3},
and setting y; = 2+ k/n for each 1 <k < n. We then choose ) € P[4,9] to be
Q={r1Q).f'C+1/n), fH24+2/n),.... ' 2+k/n),....[(3)}
={4,2+1/n)*,(2+2/n)*,...,2+k/n)? ...,9}
and set 5 = f~'(y;) = (2 + k/n)?. The length of the kth subinterval in @ is

k> E—1\> 4 1 2k
(T BRI

n n  n2 n

With this new partitioning scheme, we finally compute

/gﬂdx: lim Z\/_Aa:k— lim Z\/ (24 k/n)%- (4/n — 1/n* + 2k/n)

n—oo

B L 2k\ n—2 8n-—1 2 2)
—JE&Z<“ DG )= (T e
{871—2 +8n_1 n(n+1) N 2 n(n+1)(2n+1)]

.n . —_—
n? n3 2 n3 6

= lim
n—oo

FIGURE 29.
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. T6n* +15m—1 76 38
= lim = —=—,
n—oo 6n2 6 3
where the first equality is justified by Proposition [5.11} |

The problem of approximating areas under curves introduced in Section 5.1 can now be fully
resolved using definite integrals.

Definition 5.14. Let [ : [a,b] — R be a continuous function such that f(x) > 0 for all
a < x <b. The area of the region R bound by the curves xt = a, xt =b, y =0, and y = f(x) is

A(R):/abf.

So, in light of Example [5.13] the area of the region R bound by z =4, x =9, y = 0, and
y = +/z is 38/3 square units.

Proposition 5.15. If f(x) = z, then f € R[a,b] for all a,b € R such that a < b.
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5.3 — PROPERTIES OF THE RIEMANN INTEGRAL

In this section we establish various general properties of the Riemann integral. Most of these
properties will make the task of evaluating Riemann integrals easier, and certainly all of them
will be useful later on to prove further theoretical results.

Definition 5.16. For any f € Ra,b] we define

IR

For any function f for which f(a) € R we define

[ =0

Proposition 5.17 (Linearity Properties of the Riemann Integral). Suppose f, g € R|a, b]
and ¢ € R. Then the following hold.
b b
/ cf=c / f

1. ¢f € Rla,b], with
/:(f+g)=/abf+/abg

Theorem 5.18. Suppose f,g € Rla,b]. If f < g on |a,b], then

/abe/abg

Theorem 5.19. Suppose ¢ € (a,b). If f € Rla,b|, then f € Rla,c], f € Rlc,b], and

/ /f+/f

A result amounting nearly to a converse of Theorem is the following proposition, the
proof of which will be the one and only time in these notes that we will present a “direct”
approach working with explicit partitions.

2. f+g € Ra,b], with

Proposition 5.20. Suppose ¢ € (a,b). If f € Rla,c] and f € R|e,b], then f € R]a,b].

Proof. Suppose f € Rla,c| and f € R|e,b]. Then f is bounded on [a, ¢] and [¢, b], which means
it is bounded on [a, b] and so there exists some M > 1 such that f(z) < M for all a < z <b.
By Theorem there exist L1, Ly € R such that

lim S(P,f)=L; and lim S(P, f)=

[P||—0 [Pl|—0
PePla,c] PePlc,b]
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Let € > 0. There exists d; > 0 such that whenever P, = {z;}I", € Pla, ] with 0 < ||P,|| < 0y,
we have

[S(P1, f) = La| <¢€/5

for any choice of sample points z} € [x;_1,2;], i = 1,...,n. Also there exists d, > 0 such that
whenever Py = {y;}1, € Plc, b] with 0 < | || < 2, we have

[S(P2, f) = Lo| <€/5

for any choice of sample points v} € [y;—1,v:], i =1,...,n
Let

0= mln{él,ég, 55\4}

and suppose P = {z;}I", € Pla,b] with ||P|| < 6. Assume ¢ ¢ P, so z;_; < ¢ < z, for some
1 <k<n. Let 2f €[z_1,2] foreach i =1,... ,n. Observe that P, = {z}F-] U {c} € Pla, |
with || Py|| < 61, and Py = {c}U{z}, € Plc, b] Wlth | P2|| < 0a. For Py take zf < --- < zf_; <c
as sample points, and for P, take ¢ < 2z, , <--- < z; as sample points. Then

|S(Pr, f) — L1| <€¢/5 and |S(Pa, f) — Lao| < €/5,

and also )
[f(e)(e = ze—1)l, [f()(z — o), |f(zp) Az < M - 5M =%
since || P|| < ¢/5M. Now,
k—1
S(P, )= ) f(z)Az + f(c)(c — z-1)
=1
and
S(Py, f) = f(c)(zr —¢) Zf VA z;,
i=k+1
so that

S(P, f) =[S, f) = f(e)(c = ze—1)] + f(z1) Az + [S(Pa, ) = fle) (2 — o).
We thus have
|5(Pf)—(L1+L2)|
= |[S(Pr, f) = L] + [S(Po, f) — La] = f(e)(c — z-1) — f(e) (2 — ©) + f(2) Az
< [S(h, )—L1|+|5(P2,f)—L2|+|f(C)(C—Zk—1)|+|f(0)(zk—0) + |/ (z1) Azl
<e€/5+€/b+¢€/b+e€/5+e/b=¢

The situation when ¢ € P is actually simpler to analyze. So for any € > 0 there’s some § > 0
such that any partition P of [a,b] having mesh less than ¢ will have Riemann sum S(P, f) for
which

|S(P, f) = (L1 + La)| < e
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holds for any choice of sample points. This demonstrates that
lim S(P,f)= L+ Lo,

[ P||—=0
PePla,b]

where of course Ly + Ly € R. Therefore f € R|a,b]. [ |

In the proof of Proposition [5.20| note that, by Theorem [5

L= /fandLQ/f

and so the proof establishes that
b c b
[r=[1+]1

which one might expect in light of Theorem m (whose proof can be done in a very similar
fashion).

Theorem 5.21. Suppose f € Rla,b]. If
{z €la,b]: g(z) # f(2)}
is a finite set, then g € Rla,b] and
b b
[o=]7
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5.4 — INTEGRABLE FUNCTIONS

In this section we develop tools to help determine whether a given function is Riemann
integrable on an interval [a, b].

Theorem 5.22. If ¢ € Rla,b], Ran(p) C [a, f], and ¢ : [, B8] — R is continuous, then
Yoy € Rla,bl.

Proposition 5.23. If f is continuous on [a,b], then f € Rla,b].

Proof. Suppose that f : [a,b] — R is continuous. Let ¢ : [a,b] — R be the identity function on
[a, b], so that p(z) = x for all € [a,b]. Since Ran(y) = [a, b], and ¢ € Rla,b] by Proposition
5.15| it follows by Theorem that f o ¢ € Rla,b]. Now, for any x € [a, b],

(fop)(z) = fle(x) = f(x),
so we see that f o = f and therefore f € R[a, b]. [ |

Proposition 5.24. Suppose f,g € Rla,b]. Then the following properties hold.

1. f2 € Rla,b],

2. fg € Rla,b],

3. If1 € Rla,b] with | [} £ < [/ 111,

4. fVg, fANgé€Rla,b].

Proof.

Proof of Part (1). Suppose that f € R[a,b]. Then f : [a,b] — R is a bounded function, so that

Ran(f) C [a, 8] for some —oo < o < 3 < co. Defining the function v by ¥ (z) = 22, it is clear
that ¢ is continuous on [«, 5]. By Theorem we conclude that ¢ o f € R[a,b]. Now, since

(o f)(x) =v(f(2) = [f(=)] = f*(x)
for any x € [a,b], we see that 1) o f = f? and therefore f? € Rla,b].
Proof of Part (2). Suppose that f,g € Rla,b]. By Proposition [5.17 we have f+g, f —g € R|a,b],

and then by Part (1) we have (f + ¢)%, (f — g)* € R[a, b]. Applying Proposition once more,
it follows that

fg =10/ +9)* = ( ~ 9)") € Rla, ]

as was to be shown.

Proof of Part (3). Suppose that f € R[a,b]. Once again Ran(f) C [a, f] for some —o0 < o <
f < oco. If Y(x) = |x|, then 9 is continuous on [a, f]. By Theorem we conclude that
Yo f € Rla,b]. Now, since

(Yo f)(x) = ¢(f(x)) = |f(=)| = |f|(x)
for any x € [a,b], we see that ¢ o f = |f| and therefore |f| € R]a,b]. [ |
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5.5 — THE FUNDAMENTAL THEOREM OF CALCULUS

Recall that, according to the Extreme Value Theorem, a continuous function on a closed
interval [a, b] will attain an absolute maximum value and an absolute minimum value. That is,
there will be some x1, x5 € [a,b] such that f(z;) > f(x) for all x € [a,b] and f(xs) < f(z) for
all x € [a,b]. Then we can write

f(z1) =max{f(z):x € [a,b]} and f(xe) =min{f(x):z € [a,]]}.

This is essential in what follows.

Lemma 5.25. Let f be continuous on [a,b] and ¢ € [a,b]. Define a., B, : [a,b] = R by

o(z) = {max{f(t) tefeal}, ife>c
c maX{f(t) it e [x7c]}’ Zf.%' <ec

and
_Jmin{f(t) : t € [c,x]}, if x >c
felz) = {min{f(t) t ez, d}, ifr<c

Then lim, . ac(x) = lim, . B(z) = f(c).

Remark. Note a,. and . are indeed real-valued functions for any a < ¢ < b since f is bounded
on [a,b] by the Extreme Value Theorem.

Proof. We will assume that ¢ € (a,b). If ¢ = a or ¢ = b only a right- or left-hand limit,
respectively, would need to be considered, but otherwise the argument would be the same.

Let € > 0. Since f is continuous at ¢, there exists some d; > 0 such that ¢ < x < ¢+46; implies
|f(z) — f(c)] < €/2. Suppose that ¢ <z < ¢+ d;. For any ¢ € [c,z] we have |f(t) — f(c)| < €/2,
whence

fle) —e/2 < f(t) < flc) +¢/2
obtains and thus
fle) —€/2 < ap(x) =max{f(t) : t € [c,z]} < f(c) +€/2.
From this it can be seen that
la(z) — fc)] < €/2 <,

and so
lim a.(z) = f(c).

z—ct

Next, continuity of f at ¢ implies that there is some dy > 0 such that |f(x) — f(c¢)| < €/2
whenever ¢ — dy < x < ¢. Suppose that ¢ — J, < = < ¢. For any t € [z,c] we have
|f(t) — f(c)] < €/2, which gives

fle) —e/2 < f(t) < flc) +¢/2
and thus
fle) —€/2 < ae(x) =max{f(t): t € [z,c]} < f(c) +¢€/2.
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Once again we're led to conclude that

|ae(z) = fle)] < €/2 <,

and so
lim a.(x) = f(c).
Tr—Cc
So lim, . ae(x) = f(c) for any ¢ € (a,b). The proof runs along similar lines for the function
B. and so it omitted. |

Theorem 5.26 (The Fundamental Theorem of Calculus, Part 1). If f is continuous on
[a,b], then the function ® : [a,b] — R given by

/tf t, a<xz<b

is differentiable on [a,b], with ®'(x) = f(x) for each a < x <'b.

Remark. As is our custom, it is intended that ®'(a) and ®’(b) be taken as signifying the
one-sided derivatives @', (a) and ®’_(b), respectively.

Proof. Suppose that f is continuous on [a,b], so that f € R]a,b] by Proposition [5.23] Let
€ (a,b). Using Theorem . we have

tin 2= i ([ [ )= [ 6

Let ag, f. : [a,b] — R be as deﬁned in Lemma [5 - For any fixed z € (¢,b) we have
Be(z) < f(t) < ae(z) for all t € [¢,z]. Thus by Theorem we obtain

/ﬁ% /ﬁf</<%
whence Proposition gives

ﬂc(x)-(w—C)S/Jgféac(:v)-(aﬁ—@

and therefore

ne— [ f<ad) (5.5)

x—c/,
Since the inequality (5.5) holds for all ¢ < < b and

hm a.(r) = hm Be(x) = f(c)

z—ct z—ct

by Lemma |5.25 u by (5.4) and the Squeeze Theorem we obtain
O(x) —
z—ct T —cC x—)c*’ l‘ —C

A similar argument shows that

) —®
lim M lim / f=flo),
T—c~ xr —C x—c- T — C
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and thus B(z) - d(0)
/ T L) — c) _
@/(e) = tim M=y
Since a < ¢ < b is arbitrary, we conclude that ® is differentiable on (a,b) with ®'(x) = f(z) for
all z € (a,b).

Now let ¢ = a. We have
qa(e) = max{f(t) : t € [a,2]} and Bu(x) = min{ f(1) : ¢ € [a,a]},
and Lemma [5.25| gives

lim ag(z) = xligl+ Ba(z) = f(a). (5.6)

z—at

Given any x € (a,b) we have f,(z) < f(t) < au(x) for all t € [a, z], implying

[ are [ 1< [Foio

1 X
fula) < — a/ J < aula). (5.7)
Since ([5.7)) holds for all a < x < b, by (5.6) and the Squeeze Theorem we obtain

and thus

. D(x) — D(a) . ()
/ _ — —
(I)+(a) N mlirtrzl"' Tr—a xlircrtl'* Tr—a m£a+ T —a / f f
where ®(a) = 0 by Definition A similar argument shows that ®’ (b) = f(b).
Therefore ® is dlfferentlable on [a b] with ®'(z) = f(z) for all a < x § b. [ |

Example 5.27. Given that

find F".

Solution. Define @ : R — R by

Then

and the Chain Rule gives
F'(x) = (® osin) (z) = ®'(sin(x)) - sin’(x) = &' (sin(z)) - cos(x)
for all z € R. Now, by Theorem we have ®'(x) = (1 — 2%)7, and so

2

F'(z) = ®(sinz) - cosz = (1 —sin®z)"(cos x) = (cos® )" (cos ) = cos™(

)
for all z € R. [ |

Recalling Definition 4.40] what Theorem [5.26| says is that ® is an antiderivative for f on
[a,b]. We make use of this fact to prove the following.



139

Theorem 5.28 (The Fundamental Theorem of Calculus, Part 2). Let f be continuous
on la,b]. If F is any antiderivative for f on |a,b], then

b
/ F(t)dt = F(b) — F(a) (5.8)

Proof. F be an antiderivative for f on [a,b]. By Theorem there exists some constant c
such that F' = ® + ¢, where ® is the antiderivative for f on [a,b] that is given in Theorem [5.26]
That is,

F(x)z@(z)+c:/ f+ec
for x € [a,b], which gives F(a) = [ f 4+ ¢ = ¢, and so

F(b):/aberc:/aberF(a).

Equation ([5.8]) now follows. |

Remark. Theorem applies even in the case when a = b, since both sides of equation ([5.8))
become zero.

The first part of the Fundamental Theorem of Calculus shows how a definite integral can
be used to determine an antiderivative for a function f on a closed interval [a,b], while the
second part shows how an antiderivative can be used to determine a definite integral for f on
[a,b]. The symmetry is something to behold, the two parts taken together effectively uniting
the differential and integral branches of calculus.

The great utility of Theorem [5.28| can be appreciated by comparing the lengthy calculation
in Example to the following calculation.

Example 5.29. Evaluate

Agﬁdx

Solution. An antiderivative for f(z) = \/z on [4,9] is F(z) = 2z*?2. We compute
2 38

/9 Vad = F(9) ~ F(4) = - (92 4?) = %(27 8=

and we’re done. [ |

One should not get swept away by an irrational exuberance when wielding Theorem [5.28]in
a crusade to vanquish inimical definite integrals. Consider the integral

81
/ L2y (5.9)
)

An antiderivative for f(z) = $27%% is F(z) = ¢z. This is only true for z # 0, however, since
the domain of f is (—o00,0) U (0, 00), which certainly includes the interval (0, 8] but not quite
the entire interval of integration [0, 8]! The integral (5.9) is what is called an “improper integral,”
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which is the subject of §8.7. A direct application of Theorem [5.28|is not possible in this case,
even though it may often “accidentally” arrive at the right answer.
We turn to a new matter. Suppose f is continuous on [a,b], and ® : [a,b] — R is a function

given by
b
~ [ sy

for all z € [a,b]. What is ®'(x)? We might be tempted to use Definition |5.16| to write ff f
as — fb (thereby formally restoring x as the upper limit of integration) and then employ
Theorem [5.26] to obtain ®'(z) = — f(z). The flaw with this approach is that the integral in
Theorem 5.26| requires x to be greater than or equal to the lower limit of integration, whereas in
our situation this is not so. More must be done in order to rigorously derive an expression for
®'(z), but the good news is that it will indeed prove to be — f(x)!

Proposition 5.30. If f is continuous on [a,b], then the function ® : [a,b] — R given by

/f t, a<x<b

is differentiable on [a,b], with ®'(x) = —f(x) for each a < x <'b.

Proof. Suppose f is continuous on [a, b]. By Theorem it is known that f has an antideriv-
ative I on [a, b], and thus F' is an antiderivative for f on [z,b] for any a <z < b. By Theorem
5.28 (and the remark following it) we have, for all z € [a, b],

b
— [ #dt = P) - Fla),

which shows that @ is differentiable on [a, b], and moreover

(z) = (F(b) = F(x)) = 0= F'(w) = - f(x)

as was to be shown. [ ]

The following proposition is something that will be useful in the study of differential equations.
What it shows is that the choice of a for the lower limit of integration in Theorem [5.26is not
essential: any ¢ € [a,b] may be the lower limit of integration, and the resultant function ® will
prove to be an antiderivative of f on [a,b].

Proposition 5.31. If f is continuous on (a,b) and ¢ € (a,b), then the function ® : (a,b) — R
given by

/f t, a<x<b (5.10)

is differentiable on (a,b), with ®'(z) = f(x) for each a < x < b.
If f is continuous on [a,b], then " = f on |a,b] for any choice of ¢ € [a,b] in (5.10]).
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Proof. Suppose f is continuous on (a,b) and ¢ € (a,b). Let € > 0 be such that ¢ € [a+¢€,b— €.
Since f is continuous on [¢, b — €] and
/ f(t)dt

for x € [c,b — €], Theorem implies that ®'(z) = f(z) for c <o <b—¢, and &’ _(c) = f(c).
Since f is continuous on [a + €, ¢] and

_ /jf(t)dt - —/:f(t)dt

for x € [a + €, ¢], Proposition implies that

@ = [ f0it=~[-1@)] = 1@

fora+e€ <z <c, and ¢’ (c) = f(c). Now, ¥’ (c) = ®’ (c) = f(c) shows that '(c) = f(c), and
therefore ®'(z) = f(z) for all x € (a +¢€,b — €). Since € > 0 is arbitrary, we conclude that ® is
differentiable on (a,b) with ®'(x) = f(z) for all z € (a,b).

The last statement in the proposition follows from combining the first statement with
Theorem [5.26| and Proposition [5.30] |
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5.6 — THE SUBSTITUTION RULE

We develop here an important tool that will enable us to determine a wider class of indefinite
integrals and, as a result, evaluate more definite integrals as well.

Theorem 5.32. Let I be an interval, and let g : I — R be such that g is differentiable on I.
Suppose F is an antiderivative for f on an open interval J containing g(I). Then

/(fog)g’={Fog+c:c€R}. (5.11)

As with similar results in §4.8, there are two alternate notations that may be used to denote
(5.11): what might be called the “concise” notation,

/(fog)g/ZFogﬂLc,

and what might be called the “classical” notation,

/ F(9(2))g'(x)dz = F(g(z)) + c. (5.12)

In any case ¢ is understood to be an arbitrary real-valued constant. Now for the proof of the
theorem.

Proof. Fix z € Int(/). Then z is in the interior of Dom(g), and so g is differentiable at .
Now, g(x) € g(I) C J, and since J is open and F is differentiable on J, it follows that F' is
differentiable at g(z). By the Chain Rule as given by Theorem F o g is differentiable at x
with

(Fog)(x) = F'(g(x)g'(x) = fg(x))g'(x).

Now suppose z is a left endpoint of I. Then g is right-differentiable at =, but as before we
find that F'is differentiable in the usual (two-sided) sense at g(z). A simple extension of the
Chain Rule implies that F' o g is right-differentiable at x with

(Fog) (x) = f(g(x))g) (2).
Similarly, if x is a right endpoint of I we find that F o g is left-differentiable at x with
(Frog)(z) = f(g(x))g_(x).

We have now shown that F' o g is an antiderivative for (f o g)g’ on I, and therefore ([5.11))
follows from Proposition [4.45] n

Example 5.33. Determine
/ var + bdx,

where a # 0 and b are constants, by using Theorem [5.32]
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Solution. In light of equation ([5.12]), which is the essential embodiment of the theorem, it’s
clear the first task is to find functions f and ¢ such that

fg(x))g (z) = Var +b.
If we let g(x) = ax + b and f(z) = /x we find that f(g(z))g (x) = av/ax + b, which is almost

what we seek save for the factor of a. This is most easily rectified if we adjust f so that

f(z) = v/z/a. Thus,
/\/ax—i-bd:c:/g(f(:c))g’(q:)da:

for f(x) = (1/a)z"/? and g(z) = ax + b. Now, because F(z) = (2/3a)x? is an antiderivative
for f, equation (5.12)) gives

/\/ax—i-bdx: F(g(x)) +c=Flax+b)+c= 33(@:104—17)3/24-0

a

and we’re done. [ |

There’s a mechanical procedure known as u-substitution which can help streamline finding
an indefinite integral of the form
/ f(g (5.13)

over an applicable interval I. Let u = g(z on I. Substitute u for g(z) and du for ¢'(z)dx in
(5-13) to obtain the indefinite integral [ f(u)du. (Here it’s best to write [ f(u)du rather than
[ f to make it clear that f is regarded as a function of u.) Now, the function F' in Theorem
5.32|is an antiderivative for f on the interval g(7), so by Proposition m,

/f(u)du:F(u)+c

whereupon we replace u with g(x) on the right-hand side to obtain F(g(x)) + ¢ precisely as in
equation (5.12). In this sense we may write

[ fo@ng s = [ ) du

which is generally referred to as the Substitution Rule since a new variable u has been
substituted for g(x) The procedure is as follows:

e For [ f(g( (x)dx, let u = g(x) and du = ¢'(x)dz to obtain

/f ) du.

e Determine an antiderivative F' for f, so that

/f(u)du:F(u)+c

e Substitute g(x) for u in F'(u) + ¢ to obtain

[ fota — Flg(x) +c
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Example 5.34. For constants a # 0 and b € R, find

/\/aa:—l—bdx

using the Substitution Rule.

Solution. In this approach we make a reasoned guess as to what g(z) ought to be, and then
hope the machinery of the procedure will make any corrections that may be necessary. If we
guess that g(x) = ax + b, then let u = g(x) = ax + b and du = ¢'(x)dx = adzx. Here is the
correction: since adz is not in evidence in our integrand, we formally manipulate du = adzx to
obtain dz = (1/a) du. Now,

2
/\/aa:+ dm—/\/ﬂ —du =~ /\/_du— gu?’/z—l—c,
and when we substitute az + b for u we obtain
2
/\/ax +bdr = g(ax +0)3? + ¢

precisely as before. n

Example 5.35. Find
/ sin'® 0 cos 6 db.

Solution. Let u = sin 6, so that du = (sin )’ df = cos 6 df, which happens to be in the integrand
so no further manipulations are necessary. We obtain

1
/sinlD 0 cosfdf = /uw du = ﬁull +c,

and when we substitute sin 6 for u,
1
/sinlo 6 cos6df = I sin'' 6 + ¢
is the end result. [ ]

Example 5.36. Evaluate

3 y+1

Vyb 43y +4

Solution. First the Substitution Rule will be employed to determine
y +1

VY + 3y +4

Let u = y® 4+ 3y + 4, so that du = (y* + 3y + 4)'dy = (3y* + 3)dy. The integrand does not quite
contain this expression, but if we divide by 3 we obtain just what’s needed: (y* + 1)dy = %du.
Now,

Yyl

+1)d / —d
\/y3+3y+ /\/y P43y +4 W Vi 3%
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1 2 2
:§/u1/2du:§u1/2+C:§\/y3+3y+4+C.

Thus an antiderivative for
Y +1

VYR +3y+4
2
F(y) = g\/y3—|—3y—|—4.

fly) =

1S

Therefore
3 1 2 2 4(v/10 — 1
vl F@—F@:—%T—ﬂgziii—l
Vyi+3y+4 3 3 3
by Theorem [5.28 ]

Example [5.36[ indicates how the Substitution Rule together with the Fundamental Theorem
of Calculus can be used to evaluate certain definite integrals. The next theorem provides a
substitution rule that is specialized to handle definite integrals directly. The proof makes no use
whatsoever of facts established about indefinite integrals.

Theorem 5.37. For functions f and g, if ¢’ is continuous on |a,b] and f is continuous on

9([a,b]), then
g(b)
/ f(g x)dr = ’ f(u) du
g(a)

Proof. The continuity of ¢’ on [a, b] implies that g is continuous on [a, b], and so by the Extreme
Value Theorem g¢(]a, b)) is a closed interval [m, M]. Since f is continuous on [m, M|, we can find
a function ¢ that is continuous on an open interval J that contains [m, M] such that p(z) = f(z)
for all = € [m, M]. Now, let [, 5] be such that

[m, M] C (o, B) € [, B] C J.

Since ¢ is continuous on [a, f], by Theorem there exists a function ®, continuous on |, 3],
such that ®'(u) = p(u) for all u € (a, f).

Fix z € (a,b). Since g is differentiable at x and ® is differentiable at g(z) € [m, M] C («a, B),
by the Chain Rule we obtain

(®og)(z) =(g(x))g'(z) = p(g(x))g'(x) = fg(x))g'(x) = ((f ° 9)g)(=).

Since ® o g and (f o g)g’ are continuous on [a, b], and (P o g) = (f og)g on (a,b), it follows
that ® o ¢ is an antiderivative for (f o g)¢’ on [a,b], and so by Theorem we obtain

/ fg z)dz = (P og)(b) — (P oyg)(a) = (g(b)) — P(g(a)). (5.14)

Now, suppose that g(a) < ¢(b), and note that [g(a), g(b)] C [m, M]. For any u € (g(a), g(b))
we have u € [m, M] C («, 8) and thus ®'(u) = ¢(u) = f(u), and since & and f are continuous
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on [g(a), g(b)] we conclude that ® is an antiderivative for f on [g(a), g(b)], giving
g(b)

f(u) du = @(g(b)) — (g(a)). (5.15)

g(a)
On the other hand if g(b) < g(a), we have [g(b), g(a)] C [m, M] and similar arguments lead to
the conclusion that ® is an antiderivative for f on [g(b), g(a)], giving

/ () du = B(g(a)) — 2 (g(b));
but then, by Theorem 5
g(b)
” / flu —[®(g(a)) — 2(g(b))] = ®(g(b)) — P(g(a)), (5.16)
as with - Comparing equations ((5.15]) and - with -, it is clear that
g9(b)
/ f(g x)dr = f(u) du
g(a)

which completes the proof. |
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APPLICATIONS OF INTEGRATION

6.1 — THE MEAN VALUE THEOREM FOR INTEGRALS

In §4.2 we encountered the traditional Mean Value Theorem, sometimes called the Mean
Value Theorem for Derivatives to distinguish it from the following.

Theorem 6.1 (Mean Value Theorem for Integrals). If the function f is continuous on
[a,b], then there exists some ¢ € (a,b) such that

=5 [ 1

Proof. Suppose that f is continuous on [a, b]. By the Fundamental Theorem of Calculus the
function F : [a,b] — R given by
Fa)= [ 1

is continuous on [a,b] and differentiable on (a,b). Thus by the Mean Value Theorem for
Derivatives there exists some ¢ € (a, b) such that

F(b) — F(a)
F'(c) = .
() —
Since F'(c) = f(c) by the Fundamental Theorem of Calculus, and
b a
Fb)y= [ f and F(a)= [ f=0,

it follows that

f(c)zbia(/abf—/aaf):bia abf

as was to be shown. [ ]



148

6.2 — REGIONS BETWEEN CURVES

Definition 6.2. Let f and g be continuous functz’ons on |a,b]. The area of the region R bound
by the curves x = a, v =b, y = f(z), and y = g(z) is

/|f gl

If g(z) =0 and f(x) > 0 for all x € [a, b], then

:/ab|f(x)—g(x)|dx=/:f(x)dx:/abf,

which is just the area under f between x = a and y = b as defined in Section 5.2.

Example 6.3. Find the area of the region bounded by f(x) = v/z and g(z) = 2.

Solution. We start by finding the points where the curves intersect, which entails finding all x
for which f(z) = g(x). Thus, we solve the equation \/r = x*:

4

Vi=2> = z2=2" = 2*~2=0 = 2(*-1) = =0 or z=1

The curves intersect at points (0,0) and (1,1), bounding the region R shown in Figure [30]
Clearly f(z) = +/z > 2*> = g(x) on [0, 1], and so

1 1 1
AR = [ |VE -t = [ (VF—a?)do = |3V - o)
0 0 3 3 0
2 1 2 1 1
=|=. 13__.13}_[_. 3__. 3}:_
{3 v 3 3 Vo 3 0
is the area of R. |

Example 6.4. Find the area of the region R that lies between the curves f(z) = 2z — x* and
g(z) = 2% for —2 <2 <2,

FiGure 30.
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(N
4 .
g
1t R
-2 1 \2 ¥
f
—4 4
FIGURE 31.

Solution. Again we start by finding where the curves given by f andg intersect, which means
finding all x for which f(z) = g(z), and thus we must solve the equation 2z — 2* = 2%

20— =2 = 2P*+22-20=0 = z@+2x-1)=0 = z=-2001

So the curves intersect at points (=2, f(—2)) = (—2,4), (0, f(0)) = (0,0), and (1, f(1)) = (1,1),
as shown in Figure[31] Just from the figure it can be seen that f(z) > g(z) on the interval [0, 1],
and f(x) < g(z) on [-2,0] U [1,2]. (The Intermediate Value Theorem could be employed to
demonstrate these facts rigorously.) We now calculate:

/\f o)| da
/’u e wx+/)u e Mx+/‘u 2)| da

[ 1ot~ s [ 1) - <ﬂw+/wm—ﬂmm

1

1 2
/ x—2x+x)dm—|—/ (Zx—x —:v)da:—l—/ ($2—2x+a¢3)dm
0 1

1 0 1 I 1,17
- |57- x‘*x}4+ﬂﬁ—1f—5ﬁh+[?ﬁ—f+sz
1 1 8 1 1 37
== (g-ara)+ (-5-5)+[G-1ve) - G1+3)] -5
3 )t 4 3 i 3 * 3 +4 6
That is, A(R) = 6¢ square units. [ |

Example 6.5. Find the area of the region R bounded by 4z + y? = 12 and z = v.

Solution. In this case it is easier to set up both curves as functions of y instead of z: from z =y
we obtain the function f(y) = y; and from 4z +y* = 12 we obtain the function g(y) = (12—y?)/4.
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Y,
\
9 1
m Y
f R g
—6 +
FI1GURE 32.

To find where the curves f and g intersect we find all y values for which f(y) = g(y), which
means solving the equation y = (12 — y?)/4:

12— y?
4

Thus the curves intersect at the points (—6,—6) and (2,2), and the region R appears as in
Figure [32] with g(y) > f(y) for all y € [—6,2]. The area is
2

A(R) = / 17 (0) = sl dy - / l9(y) — F(9)] dy

y = P’ +4y+12=0 = (y+6)(y—2)=0 = y=—6,2.

—6

1 1 1,]?
= 33— 22— )d:{S __3__2]
/_6< Ty dy T AL

= [32) ~ 52 — 32| ~ [3(-6) ~ T (-6 ~ 267
10 64
=3 +18=
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6.3 — VOLUMES BY SLICING

We wish to find the volume V(S) of a solid S that exists in a region of space where
—00 < a <z <b< oco. Suppose that for each x € [a, b] the cross sectional area of S is A(z),
where A : [a,b] — [0,00) is a continuous function. We use the function A to estimate the
volume of S. To start, let P = {z;}°, be any partition of [a,b], so that 29 = a and z, = b.
Choose a sample point x; in each interval [x;_;, ;] of the partition. By way of approximation,
we assume the cross-sectional area of S is constantly equal to A(z}) for all x;_; < z < ay;
that is A(z) ~ A(x}) for all € [z;_1,x;]. Thus the volume V; of the “slice” of S that exists
in the region of space where x; 1 < x < x; we approximate to be A(x})Az;, where as usual
Ax; = x; — x;_1 is the length of the interval [x; 1, z;]. Doing this for all integers 1 < i < n, we
estimate the volume of S to be

V(S) ~ Z Az Ax;. (6.1)

We now naturally define the exact volume of S to be the limiting value that is approached by
the sum at right in (6.1)) as || P|| — 0, where | P|| = maxj<;<, Az;. That is, we define

n

V(S) = lim Ax])Ax; = /bA(x) dx.

1P| =0 “=
=1

Thus the volume of S is taken to be given by the definite integral fab A, which will exist as a real
number since the function A is given to be continuous on [a,b]. This is the Slicing Method of
finding the volume of a solid in space.

Example 6.6. Find the volume of a pyramid with height h and rectangular base with dimensions
a and b.

Solution. The pyramid may be oriented so that its apex is at (0,0) and its base at © = h,
as at left in Figure [33] Most conveniently we consider cross sections of the pyramid that are
perpendicular to the z-axis, as they will always be rectangles. In particular we consider a cross
section at some z € [0, ], which will have dimensions a, and b, shown at left in Figure 33|

v,
/b
L - b, b
h X X
a . h

FIGURE 33.
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At right in Figure [33]is the intersection of the situation at left with the xy-plane. By similar

triangles
b, b

z b
and so b, = bx/h. In a similar fashion we find that a, = ax/h, and so the cross section of the
pyramid has area

ab
A(x) = azb, = <ﬁ>x2
Now we find the volume of the pyramid to be
h h 3
ab 9 ab h abh

In particular a pyramid with height h and a square base with sides of length h has volume
1p3. [ |
3
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6.4 — LENGTHS OF PLANAR CURVES

» Somedaaaa-a-a-aaayyyyy, Over the Rainbow.... 43

6.5 — PHYSICAL APPLICATIONS

Pressure is a scalar quantity defined to be force per unit area, where by “force” we mean
here the magnitude of a force vector directed orthogonally down upon some flat surface. The
following two examples apply the Riemann integral to answer questions about pressure on a
large spherical body such as a moon.

Example 6.7 (Pressure at Small Depths). We purpose to determine the pressure P at
a depth of  meters below the surface of an airless moon of radius R meters comprised of
incompressible material that has uniform density p. In this example we assume that x is small
compared to R, so that the “sphericalness” of the moon may be safely ignored. The problem is
that even though the density is the same throughout the interior of the moon, the gravitational
force directed toward the center of the moon will vary with depth. Indeed, at the very center
of the moon there will be no gravitational force at all. This does not mean, however, that the
pressure at the moon’s center will be zero!

To start, we partition the interval [0, z] into n subintervals of equal length x/n. The ith
subinterval is

corresponding to a depth between =tz meters and £z meters. For ¢ € [0,00), let g(t) be the
magnitude of the moon’s gravitational force (the “gravity”) at a distance of ¢ meters from the
surface of the moon. Physics informs us that it is reasonable to assume that g is a continuous
function. For each 1 < i < n we approximate the gravity throughout the depth interval I; to
equal g(iz/n), which is in fact the gravity at the bottom end of the depth range from “x
meters to %x meters.

Consider a tiny square patch of area A at depth x. Above this square patch is a rectangular
column of mass of cross-sectional area A that reaches up to the surface of the moon. For
simplicity’s sake we will assume for now that the pressure on the square patch is due entirely
to the mass within this column. The column is broken into shorter columns of height z/n in
accordance with our partition of the interval [0, z]. Each of the smaller columns is a rectangular
box having volume Ax/n, and so contains a mass of pAz/n. In the ith box B; the force of
gravity is assumed to be a constant g(iz/n), and so the weight w; of the mass inside B; is

(222

by the usual “mass times force” formula. Since the stuff making up the moon is incompressible,
the weight w; of the mass inside box B; is conveyed all the way down to the tiny square of area
A at depth x. Thus the total force on the square patch is the sum of the weights wy, ..., w,:

~ N~ pAzg(iaz/n)
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This force we divide by the area A to obtain an estimate of P(z), the pressure at depth x:

= 5B (1) 522

Since pg is a continuous function, P(x) will approach some limiting value as n — oo, and it is
this limiting value that we take to be the exact pressure at depth x:

. " 1 T
P = i 3 oo o)
Letting Az; = xz/n and z} = iz /n for each 1 <i < n, we have
P(z) = nlggo z; pg(x)Az;.
By Proposition it follows that

P) = [ pattyi

From physics it is known that the force of gravity r» meters from the center of the moon is
GM (r)/r?, where here M(r) denotes the mass of the moon that lies within a distance r from
the center, and G is the gravitational constant. Since at a depth of ¢t meters the center of the
moon is R —t meters away, we have

GM(R —t) G 4 3 4

t) = = -—m(R—1t)’p==-m(R—t)Gp.
Thus we have

4 v 4 1 2R —

P(z) = —ﬂ'sz/ (R —t)dt = —7Gp* <Ra7 - —xQ) = 47TGp2[E( a:)

3 0 3 2 6

In particular the pressure at the center of the moon is
2
P(R) = gﬂGpQRZ,

which certainly is not zero.
More realistically the density of a moon increases with increasing depth, in which case a
similar analysis will find that

P(a) = / "oyt

where the constant p is replaced by a function p(t). |

Example 6.8 (Pressure at Great Depths). In the previous example it was assumed that
the pressure upon the square patch of area A at depth x was a box-shaped column with square
cross-section of constant area A all the way up to the surface of the moon. This is reasonable at
small depths, but at great depths we must account for the spherical shape of the moon.

The gravitational field of the moon is radial in nature, which is to say the field lines of the
moon’s gravity are straight lines that all converge to a single point which we take to be the center
of the moon. Thus the “column” of mass that is exerting pressure upon the aforementioned
square patch must broaden toward the moon’s surface, to form something of a truncated pyramid.
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Our partition of the interval [0, x| chops up this truncated pyramid into smaller chunks that are
themselves truncated pyramids. We must calculate the volume of the 7th such chunk. |
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TRANSCENDENTAL FUNCTIONS

7.1 — THE INVERSE FUNCTION THEOREM

Some functions are capable of assuming the same value at different points in their domain.
For instance the function f: R — R given by f(z) = 2% takes on the value 9 when z is 3 or —3.
A function that cannot do this is called one-to-one.

Definition 7.1. A function f : X — Y is one-to-one if f(x1) # f(x3) for every x1,xz9 € X
with x1 # x4.

An equivalent definition states that f is one-to-one if f(z1) = f(x2) implies 1 = x5. Note
that while f(z) = 22 is not one-to-one because f(—3) = 9 = f(3), the function g(z) = 23 is
one-to-one. We could also obtain a one-to-one function from f(x) = 2% by restricting its domain
to the nonnegative real numbers (thereby deleting —3 from the domain, for instance); that is,
f(x) = x* is one-to-one if we assume f : [0,00) — R.

Definition 7.2. A function f: X — Y is onto if, for each y € Y, there exists some x € X
such that f(x) =y. In other words f : X — 'Y is onto if and only if Ran(f) =Y.

If a function f : X — Y is not onto, we can obtain an onto function by restricting its
codomain to Ran(f). For example f(x) = z? is onto if we assume f : R — [0, 00), and it is both
one-to-one and onto if we assume f : [0,00) — [0, 00).

Remark. By convention we will henceforth always take the codomain of a function to be equal
to its range! Since this will result in all functions being automatically onto, we will make no
further reference to the notion.

Theorem 7.3. If f is a one-to-one function, then there exists a unique function g such that

Dom(g) = Ran(f), and f(g(x)) =z for all x € Dom(g).

Proof. Suppose f is a one-to-one function. For the existence part of the proof, define the
function g : Ran(f) — Dom(f) as follows: for each x € Ran(f) let g(z) equal the unique y
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value for which f(y) = z. Clearly Dom(g) = Ran(f), and also

flg(x)) =fly) ==

for all z € Ran(f).

For the uniqueness part of the proof, suppose that h is a function such that Dom(h) = Ran(f)
and f(h(x)) = =z for all x € Ran(f). Now, Ran(f) = Dom(g) immediately implies that
Dom(h) = Dom(g). Moreover, for every x in the common domain we have

f(h(x)) =z = f(g(x)),

and since f is one-to-one we obtain h(x) = g(z). Therefore h = g. [ |

Definition 7.4. Let f be a one-to-one function. The inverse of f, denoted by f~1, is the
unique function for which Dom(f~1) = Ran(f), and f(f~'(z)) = z for all x € Ran(f).

Theorem 7.5. If f~! is the inverse of f, then Dom(f~!) = Ran(f) and Ran(f~!) = Dom(f).

Proof. We already have Dom(f~!) = Ran(f) by Definition[7.4] Let y € Ran(f~!). Then there
exists some x € Dom(f~!) such that f~!(z) =y, and since Dom(f~!) = Ran(f) it follows that
x € Ran(f); that is, there exists some z € Dom(f) such that f(z) = . Now, Definition
implies that f(f~(x)) = x, and since

flz) =2 =f(f ()= f(y)

and f is one-to-one, we obtain y = z € Dom(f). This verifies Ran(f~') C Dom( f
Next, let y € Dom(f). Setting x = f(y), we have z € Ran(f) = Dom(
f(f~'(x)) = x. Since f is one-to-one and

FUf @) =2 = fy),
it follows that y = f~!(z) and thus y € Ran(f~!). Hence Dom(f) C Ran(f™!). [ ]

).
f71) and so

Theorem 7.6. If f~! is the inverse of f, then f(x) =y if and only if f~'(y) = .

Proof. Suppose that f(z) = y. This implies x € Dom(f) and y € Ran(f), with the latter
(together with Definition in turn implying f(f~'(y)) = y. Since f is one-to-one (this is
understood because it has an inverse) and f(f~'(y)) =y = f(z), we conclude that f~!(y) = z.

Now suppose that f~1(y) = 2. Theny € Dom(f~!) = Ran(f), whence we obtain f(f~(y)) =
y and therefore f(z) =y. [ |

The theorem above is often notationally distilled down to
f@)=ye iy ==

An immediate consequence of Theorems and [7.6|is that f~1(f(x)) = x for all z € Dom(f)
and f(f7'(y)) =y for all y € Dom(f~!), which is commonly how the inverse of a function is

defined in textbooks.
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Proposition 7.7. If f is a one-to-one function that is continuous on an interval I, then f is
either an increasing or decreasing function on I.

Lemma 7.8. If f is a one-to-one function that is continuous on an open interval I, then f(I)
1S open.

Proof. By Proposition [7.7, f is either increasing or decreasing on I. For the sake of argument
assume that f is increasing (the proof is similar if it is decreasing). Fix b € f(I). Then
there exists some a € I such that f(a) = b. Since [ is open there is some § > 0 such that
[a—0,a+ 6] CI,and thus b € f((a —d,a+9)).

Suppose y € f((a —d,a+§)). Then there is some x € (a — J,a + J) such that f(z) =y, and
since f is increasing we have

fla—0) <y < fla+9).
Hence y € (f(a —6), f(a+6)) and we obtain

f({a=6,a+9)) < (fla—9),fla+9)).

Therefore b € (f(a —6), f(a+9)), an open interval.

Next, suppose y € (f(a —9), f(a + 0)). By the Intermediate Value Theorem, since f is
continuous on [a — 4, a + ¢}, there exists some = € (a — d,a + 0) C I such that f(z) =y, and
thus y € f(I). Therefore

be (fla—90), flatd)) € f(I),

so b is an interior point of f(I). Since b € f(I) is arbitrary, we conclude that f(I) is an open
set. |

With this proposition and lemma we are now in a position to prove the two most momentous
calculus results of this section.

Theorem 7.9. If f is a one-to-one function that is continuous on an open interval I, then =1
is continuous on f(I).

Proof. Suppose that f is a one-to-one function that is continuous on open interval I. Let
b € f(I) be arbitrary. Then there exists some a € I such that f(a) = b, and so a = f~(b).

Let € > 0. Since I is open there exists some v > 0 such that [a — v,a + ] C I. Set
¢ = min{e, v}, so that [a — €,a + €] C I, and define

01 =|[fla—¢€) = fla)] and b, = [f(a+é) = fa)].

Note that since f is one-to-one on [a — €,a + €] and a — € < a < a + €, by Proposition we
must have either

fla—é) < fla) < fla+€é) or fla—¢é) > f(a)> fla+é).
Choose 0 = min{dj, 42}, and suppose |y — f(a)| < d. Then
ly—fla)l <[fla—&) = fla)] and |y —fla)] <|f(a+é) - fla)
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both hold, and since f(a — €) and f(a + €) lie on opposite sides of f(a), it follows that y lies
between f(a—¢) and f(a+€). By the Intermediate Value Theorem there is some = € (a— €, a+¢€)
such that f(z) =y. Then |z — a| < € for z = f~!(y), which implies that

| y) = ) <é<e
and therefore f~! is continuous at b.

Since b € f(I) is arbitrary it’s concluded that f~! is continuous on f(I). |

Theorem 7.10 (Inverse Function Theorem). Let f be a one-to-one function that is differ-

entiable on an open interval I, and let a € I. If f'(a) # 0, then f~! is differentiable at f(a)
with

—1y/ o 1
U@ = i
Proof. Suppose f’(a) # 0. Let € > 0. By Theorem [2.12(5), from
z—a T —a
we obtain
lim ——~ ¢ lim ! _ !
ava f(x) = fla)  ama f(z) = fla)  f'(a)
r—a

Since a is an interior point of I, there is some v > 0 such that 0 < |z — a| < 7 implies that
r—a 1
f(x) = fla)  f'(a)
Now, by Theorem [7.9] f~! is continuous on f(I). Moreover, b = f(a) € f(I) and f(I) is an
open set by Lemma (7.8} so there is some § > 0 such that (b—6,b+6) C f(I) and y € (b—9,b+9)
implies that |f~*(y) — f~1(b)| < 7.
Let y be such that 0 < |y —b| < 6. Then y € f(I), so there is some x € I such that f(z) =y,
and thus z = f~!(y). Also

<€ (7.1)

f@) =y #b= f(a),
so = # a since f is one-to-one, which means f~!(y) # f~'(b). We now have
0<[f~y) = O <,
or equivalently 0 < |z — a| < 7, and so from ([7.1]) we obtain

fly) 1) 1
y—>b f'(a)

< €.

This shows ) )
TR ) e i GO
yob oy —b f'(a)
and since 1/f’(a) € R we conclude that f~! is differentiable at b and (f~!)'(b) =1/f'(a). N
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An application of this theorem is the following result, which has been assumed to be true
since the early days of Chapter 2.

Proposition 7.11. lim, .. ¥z = t/c for any integer m > 0, where ¢ € (—o0,00) if m is odd
and ¢ € (0,00) if m is even.

Proof. First assume that m > 0 is odd. Then f(x) = 2™ is a one-to-one and differentiable
function on (—o0, 00), and the inverse of f is f~'(x) = ¥/z. Now, for any ¢ € (—o0,0) U (0, c0)
there exists a unique a € (—o0,0) U (0, 00) such that f(a) = 2™ = ¢, and since

f'(a) = ma™™" # 0,
Theorem implies that f~! is differentiable, and hence continuous, at c¢. Thus
lim ¥/z = lim f~(z) = f~}(c) = ¥/e
for any ¢ # 0.
The case when ¢ = 0 must be handled separately. In doing so, we need the fact that {/x

is an increasing function on (—oo,0) and (0, 00), which is easily established using the known
one-to-oneness and continuity of ¥/ on these intervals: on (0, 00) note that

Vi=1<2=%2m
for 1 < 2™ and invoke Proposition on (—oo,0) note that
V/—2m=-2<-1=%/-1

and again appeal to Proposition [7.7]
We now proceed to show that

lim ¥z = Y0 =0.
x—0

Let € > 0. Choose 6 = €™. Suppose that 0 < |z| < €™. If z > 0 we obtain 0 < z < €™, whence
0 < t/x < € implies that |{/z| < € as desired. If < 0 we obtain 0 < —x < €™, whence
—€™ < x < 0 implies that —e < /2 < 0, leading again to |{/z| < e.

We now have established that lim, . ¥z = t/c for all ¢ € R when m > 0 is odd. The
proof is actually more straightforward when m > 0 is assumed to be even, since we then have
¢ € (0,00) and need not consider the case when ¢ = 0. [ |

Example 7.12. Let f be given by f(x) = 22® + x — 12. Find (f~1)(6).
Solution. Clearly f is differentiable on (—o0, 00), and since
fl(z) =62"+1>0

for all —oco < & < o0, it follows by the Increasing/Decreasing Test that f is increasing on
(—00,00) and therefore is one-to-one. Now, since

f(2)=2(2)?*+2-12=6

and
f(2) =6(2)*+1=25#0,
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by Theorem we conclude that f~! is differentiable at 6 and

1 1
—1y/
6) = ——==—.
Note that it is no easy task to find a general expression for f~!(z) by direct algebraic
means! |

With Proposition in hand, we are now in a position to at last prove the statement of

Theorem [2.12(7) in §2.3.

Proof of Law (7). By hypothesis we have lim,_,. f(z) = L for some ¢, L. € R. Let m > 0 be
an even integer, and suppose there exists some v > 0 such that f(z) > 0 for all z € B/ (c). Then
we must have L > 0. Assume that L > 0, so L is a point in the interior of Dom(§/- ) = [0, c0).
By Proposition /- is continuous on (0,00), and so by Proposition

lim /f(2) = y/lim f(z) = VL, iL>0 (7.2)

The case when L = 0 must be handled separately, since 0 is not an interior point of the
domain of {/- and so Proposition cannot be applied. Thus, suppose that lim,_,. f(z) = 0.
Let € > 0. Then there exists some [ > 0 such that

0<|z—c|l<pf implies |f(z)| < €™

Choose § = min{f, v}, and suppose 0 < |x — ¢| < d. Then f(z) > 0 and |f(z)| < €™ together
yield 0 < f(z) < €™, whence we obtain 0 < 3/ f(z) < € since §/- is an increasing function, and

thus
| m\/f(x)| < e

lim §/f(z) = 0= 0= ¢/lim f(z),

which together with (7.2]) proves Law (7) under all possible circumstances when m is even.
The proof is actually easier when m > 0 is assumed to be odd, since then Dom(%/- )
(—00,00) and so Proposition applies for any L € R.

We have shown that

Example 7.13. Show that the function
3z —1

1) =575

is one-to-one, and find its inverse f~!. Also state the domain and range of both f and f~*.

Solution. Suppose that f(a) = f(b). From this we obtain
3a—1 3b—1
2a+5 2045

and hence
(3a—1)(2b+5) = (3b—1)(2a + 5).
Multiplying then gives
6ab 4 15a — 2b — 5 = 6ab 4+ 15b — 2a — 5
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15a — 2b = 15b — 2a
17a = 17b
a=Db,

which shows that f is one-to-one.
Now, let y = f(z), so that y = (3z — 1)/(2z + 5). We solve this for z,

3r—1
Yy = Sy = 2xy+oy=3r—1 = 3r—-2zy=>5y+1
oy +1
3—2y)=2>5 1 = :
= y)=5+1 = = 3 3,
According to Theorem r = f~Y(y), so we obtain
_ oy +1
1 _
which can be written f~(z) = (bz +1)/(3 — 2z).
Finally,
Dom(f) = Ran(f™") = {z | 2 # —5/2} = (00, =5/2) U (~5/2, 00)
and

Ran(f) = Dom(f ™) = {z | v # 3/2} = (—0o0,3/2) U (3/2, 00).
|

Example 7.14. Find all the inverses associated with f(z) = (z — 4)?, and state their domains
and ranges.

Solution. Let f; be the restriction of f to the interval [4,00). That is, fi(z) = f(x) for z > 4.
Then f; is a one-to-one function and thus has an inverse f; . To find f; ' set y = fi(z), so that
y = (x —4)? for z > 4. Then

Vy=|r—4] =z —4,

whence x = 4 4 ,/y. Since y = fi(z) if and only if v = fi ' (y) by Theorem , we obtain
i) =4+ v
Next, let fy be the restriction of f to the interval (—oo,4]. That is, fo(z) = f(x) for z < 4.

Then f, is a one-to-one function and has an inverse f,*. To find f;* set y = fo(x), so that
y = (z —4)? for z < 4. Then

Vy=lr—4=—(r—-4) =4—uz,

whence z = 4 — \/y. Since y = fo(z) if and only if z = f;'(y) by Theorem , we obtain
fi(y) =4-y.

We have now found that there are two (local) inverses associated with f: the function f;*
given by

) =4+ vy
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with Dom(f; ) = Ran(f;) = [0,00) and Ran(f; ) = Dom(f;) = [4,00), and f, ' given by
) =4-vy
with Dom(f, ') = Ran(f) = [0,00) and Ran(f; ') = Dom(f,) = (—o0, 4]. [ |
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7.2 — THE NATURAL LOGARITHM AND EXPONENTIAL FUNCTIONS

In what follows it is important to recall a few properties of the Riemann integral that were
established back in Chapter 5. Let [a,b] be a closed interval (so we assume a < b), and let f
and ¢ be integrable functions on [a, b].

e For any c € [a,b], [ f(z)dz =0
o If f(z) > 0 for all z € [a, ], thenfabf(a:)dw >0
o If f(x) > g(z) for all z € [a,b], then f;f(x)dx > fabg(x)dx

Definition 7.15. The natural logarithm function In : (0,00) — R is given by

1
ln(x):/ —dt,
1t

By the Fundamental Theorem of Calculus we have, for each x > 0,

In'(z) = % (/199 %dt) = i (7.3)

Thus the natural logarithm is differentiable on (0, c0), which immediately implies that it is also
continuous on (0, 00). By the Chain Rule we find that, for any function u differentiable at x
with u(z) € (0, 00),

for all z > 0.

(lnou)/(x) _ [ln(u(ﬁ))]/ _ ln/(u(l‘)) u’(x) = L . u/(l‘) _ Z/((:f))a

which in general can be written as (Inow)” = u//u. This formula enables us to prove the
following momentous theorem.

(7.4)

Theorem 7.16. For all a,b > 0, In(ab) = In(a) + In(b).

Proof. For any a > 0 we have by (7.4)

[In(ax)]’ = % < (ax)' = i:c ca = 1 In'(z).

Since In(z) and In(ax) have the same derivative they must differ by some constant c:
In(az) = In(x) + c. (7.5)

To determine ¢ put = 1 into (7.5)) to get In(a) = In(1) + ¢. But In(1) = 0, so in fact ¢ = In(a)
and ([7.5)) becomes

In(az) = In(x) + In(a)
for any x > 0. The proof is finished by setting x = b in this last equation. |

The property exhibited by Theorem is actually the defining property of a “logarithmic
function.” Another wonderful property now follows.

Proposition 7.17. For alla >0 and r € Q, In(a") = r1n(a).
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Proof. Let r € Q. By (7.4)) we obtain, for any = > 0,

@) = 2 @y =L o

e p =r-In'(z) = [rIn(x)],

K|~

where the second equality follows from the Power Rule for Differentiation as established in
Calculus 1. Thus In(z") and rIn(z) have the same derivative and must therefore differ only by
a constant c:

In(z") = rin(x) + c. (7.6)
To find ¢ put x = 1 into ([7.6|) to get
rin(l) + ¢ =In(1").

Since In(1") = In(1) = 0 we discover that ¢ = 0. Putting this into (7.6) along with = a then
yields In(a") = rn(a) as desired. [

We would like to extend the property in Proposition [7.17] so that it is applicable when the
exponent r is any real number, which means entertaining the notion of an exponent that is
an irrational number. But right now irrational exponents have no meaning for us. Fantastical
beasties like 27 and 5Y2 are so far just that: fantasies. Don’t lose heart, though. The dev-
elopments of the next few pages will ultimately lead us to a working definition for an irrational
exponent.

It’s given that the domain of the natural logarithm is (0, c0), but what is its range?

Theorem 7.18. The range of the natural logarithm is R

Proof. Let M > 0 be any real number. The functions f(¢) = 1/t and g(t) = 1/2 are integrable
on [1,2] with f(¢) > g(t) for all £ € [1,2], so by the third property of definite integrals given at
the beginning of this section we obtain

21 21 1
ln(2):/—dt2/—dt:—.
Lt L2 2

Let N be an integer such that N > 2(M + 1). Now, employing Proposition [7.17]

1
In (2") = NIn(2) > 2(M+1)-5 =M+1> M.
Since In(1) = 0 < M, In(2") > M, and the natural logarithm function is continuous on
(0,00), the Intermediate Value Theorem implies that there exists some ¢; € (1, 2N ) such that
In(¢;) = M. Thus Ran(In) includes all positive real numbers (along with 0).
The observation that

In(27")=-Nh(2) < -M
and In(1) = 0 > —M enables us to invoke the Intermediate Value Theorem to assert that

In(cg) = —M for some ¢, € (27V,1). Thus Ran(In) includes all negative real numbers.
Therefore Ran(Iln) = (—o0, 00). [
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Notice that since In’(z) = 1/x > 0 for all x € (0, 00), the natural logarithm must be strictly
increasing on its domain (0, 00) and so is one-to-one. Therefore, since Ran(f) = R there must
be some unique positive real number, universally denoted by e, for which In(e) = 1. Then by
Proposition [7.17] we have

In(e") =rln(e) =r, forallre Q.

The following definition extends this formulation to the case when r is irrational, again exploiting
the fact that In is one-to-one with range R.

Definition 7.19. If z is irrational, then e* is the unique real number for which In(e®) = z.

Therefore we have
In(e®) =z (7.7)

for all x € R. What we’ve now done is given meaning to e* for any real number x, which is our
first step toward giving meaning to irrational exponents in general. Notice that for any x € R
we must have e > 0, otherwise In(e”) would be undefined.

Definition 7.20. The exponential function exp : R — (0,00) is given by
exp(x) = e*

for all z e R.

Since Dom(exp) = R = Ran(In) and
In(exp(z)) = In(e”) = x

for all € Ran(In), it follows from Definition [7.4] that the ezponential function exp is the inverse
of the natural logarithm function In. Of course, we should expect In to have an inverse since it
is one-to-one, and since In must be the inverse of exp we have

exp(In(z)) = ™ = g (7.8)
for all + € Ran(exp) = (0,00). Doubters could verify this directly: for any = > 0, since
In(e™®)) = In(x) holds as a consequence of (7.7), and since In is one-to-one, it can only be

concluded that e = .

Remark. Since In(x) is a continuous one-to-one function, exp(z) is its inverse, and In((0, 00)) =
R, we find from Theorem [7.9| that exp(z) is continuous on R.

For any € Q and a > 0, observe that In(a") = rIn(a) by Proposition , and In(e"™@) =
rin(a) by . Hence a” = ¢"™@ follows by once again exploiting the one-to-oneness of the
natural logarithm. This leads us at last to a natural interpretation of the expression a® for
a > 0 and z an irrational number.

Definition 7.21. For all a > 0 and z irrational, a* = e*™(®)
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Equipped with this definition and the lovely result of the previous paragraph, we obtain
a® = e*™@  foralla >0 and z € R. (7.9)

Taking the natural logarithm of both sides of (7.9) gives In(a”) = In(e*™®) = zIn(a), which
delivers to us a result that improves on Proposition [7.1

Theorem 7.22. For all a > 0 and z € R, In(a®) = z1n(a).

We are almost in a position to prove a generalized power rule for differentiation, but first we
need one important property of the exponential function which is so wonderful it deserves to be
enshrined as a theorem by itself.

Theorem 7.23. For all x € R, exp/(z) = exp(z).

Proof. For each b € R there exists some a € (0,00) such that In(a) = b, and since In'(a) =
1/a # 0 it follows from Theorem that exp is differentiable at b. Hence exp is differentiable
on R, and since In is differentiable on (0, 00) (which is the range of exp), the Chain Rule implies
that In o exp is differentiable on R and

(Inoexp)’(z) = In'(exp(z)) exp’(x).
Treating the left-hand side we obtain
(Ineexp)’(z) = [In(exp(x))] = (z)" =1
for all x € R. As for the right-hand side, (7.3) implies

/ / 1 / eXp/<'CL.)
In'(exp(z)) exp’(z) = e exp’(x) = xp(z)
Equating the two results yields
exp'(z) _
exp(z)
for all z € R, and hence exp/(z) = exp(x). [ |

What Theorem is saying is that the exponential function is its own derivative: (e*) = e®.
Are there any other functions that have this property?
As a result of this theorem the Chain Rule gives, for differentiable function u,

[e“(z)}/ = (expou)(z) = exp/(u(z)) - v/ (z) = exp(u(z)) - v/ (x) = o/ (x)e"®. (7.10)

Now, at last, we are in a position to obtain the most general power rule of differentiation that
we will ever have need of throughout the remainder of our study of calculus.

Theorem 7.24. For allx >0 and r € R, (2") = ra" %

Proof. Making use of ([7.9)), as well as (7.10]) with u(z) = rIn(z), we get

ry _ | rin(z) ,: rin(z) 1 I rln(x).f: T.Z: r—1
(") [e } e [rIn(x)] =€ —=a =72

in one go. |
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Proposition 7.25. For z € (—00,0) U (0, 00),

1
/—da:zln\xH—c.
T

Proof. Let F(z) =1In|z|. If x € (0,00), then F/(z) = In(z) and so

1

Fl(z) = -

(1) =1

by (7.3). If x € (—00,0), then F(z) = In(—z) and so
—z) -1 1
—x -

by (7.4). Thus F is an antiderivative for 1/x on (—o0,0) U (0, 00), and therefore the family of
functions of the form In |z| + ¢, where ¢ € R, constitutes all of the antiderivatives of 1/x on
(—00,0) U (0, 00). [ |

The proof of the proposition (or the proposition itself) tells us immediately that

1
In' x| = =

which is a formula that will be useful in later applications.

Example 7.26. For
2241
f(w) = 23 +3x+1’
determine [ f(x)dz, and use the result to evaluate f__21 f(x)dx

Solution. Let v = 2 + 3z + 1, so that, by the u-substitution procedure, we obtain

du = (32° + 3)dr = 3(2* + 1)dx

and hence (z* 4 1)dz = 3 du. Now,
2?41 1/3 1 (1 1
Jdz = d du== [ —du= -1
/f = /x3+3m+1$ /u ! 3/u“ glnful+e
:§1n|x +3z+1|+c (7.11)

Now, on the interval [—2, —1] we find that 2% + 3z +1 < 0, and so from (7.11]) we conclude that
an antiderivative for f on [—2, —1] is

1
—In(—a®
3
Thus, by the Fundamental Theorem of Calculus,

/:ﬂwmzﬁwﬁ4:Fen—F«m

F(z) = — 3z —1).
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1 1 3
= —[In(3) — In(13 :—l<—)
as foreseen by the Emperor. [ |
Example 7.27. Evaluate
/2 :
/ sin@ I
o 1l+coszx
Solution. Let u = cosx, so by the u-substitution procedure we obtain du = —sinxdx and
hence sinzdr = —du. When z = 0 we have u = cos0 = 1, and when x = 7/2 we have

u = cos(m/2) = 0. So,

™2 ging o1 0
—dr = — du= —|In|l = —|In(1) — In(2)] = In(2).
| e == [ e =l = 1) ~ )] = n2)

Note that the substitution u = 1 4 cosx would have worked just as well. |

Example 7.28. Consider the function h(z) = '@  In accordance with our customary
definition we take the domain of h to be the set

Dom(h) = {z € R : 2'*®) ¢ R},

which in this case is fairly complicated because when z < 0 the expression z'***) will only be
real-valued if tan(z) = m/n such that m is an integer and n is an odd integer! Happily the
domain for A’ is easier to apprehend since h'(x) can only be defined for x in the interior of
Dom(h). This disqualifies all z < 0, because while there are some negative values for z for
which h(z) is real—like h(—m/4) = —4 /7, for instance—these values will not form any kind of
interval.

Let
S = Dom(tan) 1 (0,00) = (0,7/2) U || (g + ke, 5+ (k+ Dr).

For any zy € S we find that tan(zg) is some real number, and since xy > 0 it follows that
h(xg) = 20 > 0.

Indeed, because S is an open set there exists some v > 0 such that [ = (xg—~v,z0+7) C S, and
so '@ > ( for all x € I. This shows not only that xg is in the interior of Dom(h), but also
that 2'*°(®) is in the domain of the natural logarithm function for all z € I. Thus we may write

h(z) = ptan(@) — exp(ln(mta“(x))) = exp(tan(z)In(x)) = etan(@)In(z)

for all x € I using Equation ([7.8) and Theorem [7.22] Then by Equation ([7.10)) we obtain

W(z) = e @0@) | ltan(z) In(z)] = @) tan(z)
x

+ sec?(x) In(x)

for all x € I, which shows in particular that h'(z) is defined and therefore xy € Dom(h'). Since
xo € S is arbitrary we conclude that S C Dom(h'). It can be shown with a little analysis that
Dom(h') C S, and so at last we have Dom(h') = S. [ |
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A significant consequence of this section’s developments is the following theorem, which
the typical reader will have taken as true without proof since it was introduced in elementary
algebra.

Theorem 7.29 (Laws of Exponents). Let a > 0 and z,y € R.
a® - a¥ =a*tv

.av/a¥ =a*Y

. (a®)¥ = a™

(a-b)F=a"-b"

. (a/b)* = a”/b"

Proof.
Proof of Part (1). Let a > 0. For any x,y € R we have a*,a¥ € (0,00) = Dom(In), and so by
Theorems [7.16] and [7.22] we have

In(a” - a¥) = In(a”) + In(a¥) = xIn(a) + yIn(a) = (x + y)In(a) = In(a®1Y).
Since the natural logarithm function is one-to-one, it immediately follows that
O a¥ — gty
as desired.

Proof of Part (2). First observe that, for any y € R,

a¥V-a¥=a""Y=a"=1,

where the first equality follows from Part (1) and the last from the definition of the zero exponent.
Dividing by a¥ then yields

as we might expect. Now,

€T
a_ — a/x . i — ajw . aiy — ax+(7y) — a/xfy

a¥y ay

obtains by employing Part (1) once again.

Proof of Part (3). By Theorem [7.22]

In [(a*)Y] = yIn(a®) =y - z1n(a) = (zy) In(a) = In(a™),

and therefore

(@) = a
by the one-to-oneness of the natural logarithm function.
Proof of Part (4). We have

In(a-b)* = zIn(a-b) = z[In(a) + In(b)] = zln(a) + xIn(b) = In(a”) 4 In(b”) = In(a” - "),
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and so
(a-b)* =a"-b"

by the one-to-oneness of the natural logarithm function.

Proof of Part (5). Left as an exercise. |

The next example should go a long way toward making clear the great utility of L’Hopital’s
Rule and the Fundamental Theorem of Calculus, for they help us to evaluate a limit involving
an integral of the form

b
/ et’ dt,

which cannot be evaluated by any technique we have encountered thus far.

1 [* .
lim (—/ et dt).
T—00 \ U 0

flz) = /Ox e’dt and g(z) =z,

the limit may be written as lim, . f(2)/g(x). Since the function ¢ — e’ is everywhere
continuous, Theorem implies the function f is differentiable on (0, ) for each b > 0, and
thus f is differentiable on (0,00). Also g is differentiable on (0,00), with g(z) # 0 for all
x € (0,00). Now, by Theorem We have f'(z) = e, and so

/ x2
T G
z—00 g’(:):) z—oo 1
Since |g(x)| — +o0, it follows that
1 [ .
lim (—/ el dt) = +00

by Theorem {4.35 |

Example 7.30. Evaluate

Solution. Letting
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7.3 — THE NATURAL LOGARITHM AND EXPONENTIAL FUNCTIONS
Let b€ (0,1) U (1,00), and define f : (—o0,00) — (0,00) by

f(x) =1b".

By (7.9) we may also write
F(@) = 0 = exp(z (b)),

and since exp(z) > 0 for all z € R (and In(b) € R), it follows that f(z) > 0 for all x € R. That
is, Ran(f) C (0, 00).

Observe that In(b) # 0. Indeed, In(b) = 0 implies that b = exp(0) = €° = 1, but we are
assuming that b # 1. Let y € (0,00). Since Ran(exp) = (0, 00) there exists some = € R such
that exp(x) = y, and then

f(ﬁ) — exp(% . ln(b)> =exp(z) =y

shows that y € Ran(f). Hence (0,00) C Ran(f) and we conclude that Ran(f) =
Let x1,x2 € R such that z; # x5. Then since In(b) # 0 we obtain 1 In(b) # x2
by the one-to-oneness of exp(z) we find that

(1) = exp(z1 (b)) # exp(z2In(b)) = f(2)-

That is, x1 # 5 implies that f(x1) # f(z2), and therefore f is one-to-one and so has an inverse
function f~!: (0,00) = (—00,0).
By (7.10) we have, for any = € R,

(0, 00).
1() and so

f(z) = [e*®) = (21n(b)) e*™® =1n(b) - e = p* In(b), (7.12)

and thus f is a differentiable function. Note that In(b) # 0 and e*™® = 0 imply f'(z) # 0.
Let y € (0,00). There exists some x € R such that f(z) = b* = y. Since f'(z) # 0 and f is
one-to-one and differentiable, by Theorem we find that f~! is differentiable at y and

() = ! !

Fx)  vin®)  yln(b) (7.13)

Definition 7.31. Let b € (0,1) U (1,00). The base-b exponential function is the bijection
expy : (—00,00) — (0,00) given by

expy(z) = b
for all z € R. The inverse of exp, is the base-b logarithmic function, or base-b logarithm,
log,, : (0,00) — (—00, 00).

The functions f and f~! above are thus exp, and log,, respectively. In light of equations

(7.12) and ([7.13)) we have the following result.
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Theorem 7.32. For all x € R,
expy(x) = 0" In(b);
and for all z € (0, 00),

log (@) = oo

Example 7.33. For the function h given by h(z) = Tlogz(4 — In(2°)), find Dom(h), and then
find 2 and Dom(h’).

Solution. Let f(x) =4 — In(2°) and g(z) = 7logs(x), so that

Fa)==2 and g(@) = o

and h = go f. Then
Dom(h) = {x : * € Dom(f) and f(z) € Dom(g)} = {x : > 0 and 4 — In(2") > 0}.
Recalling that exp(z) is an increasing function, so that z < y if and only if e* < e¥, we have
4—In(z®) >0 & 4-5In(z) >0 < In(z) <4/5 & M@ <etd o 1<t
and so
Dom(h) = {z:x >0and 4 —In(2®) >0} = {z: 2 > 0 and = < ¢*/°} = (0, /7).

For any x € (0,¢*/?) the function f is differentiable at x, and since f(z) =4 — In(z®) > 0 it
follows that ¢ is differentiable at f(z). Therefore by the Chain Rule h = g o f is differentiable
at x, with

W(z)=(go f)(2) =g (f())f'(x) = g (4 = In(2”)) f'(x)

_ 7 .<__) _ 35
[4 — In(2?)] In(3) x xIn(3)[In(x?) — 4]
and Dom(h') = (0, e/?). [ |
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7.4 — HYPERBOLIC FUNCTIONS

The hyperbolic sine is the function sinh : R — R given by

et —e

2 J
and the hyperbolic cosine is the function cosh : R — R given by

cosh(x) = %

Both of these functions are everywhere continuous and differentiable. Their graphs are shown
in Figure [34]

Let us take a closer look at sinh. Since sinh(0) = 0, sinh(x) — +o00 as # — 400, and
sinh(z) — —o0 as © — —oo, the Intermediate Value Theorem implies that the range of sinh is

sinh(z) =

R. Now, since (") = ¢e” and (e™*) = —e™ 7, for any x € R we find that
sinh’(z) = % > 0,

so by Theorem the hyperbolic sine is increasing on R, and hence it is one-to-one on R.
This implies sinh has an inverse sinh™* : R — R, recalling that the domain of the inverse of a
function f equals the range of f. To determine sinh™" explicitly, let y = sinh(z). Now,

y = sinh(z) = 2"y =2e"sinh(z) = 2e"y=e*—1 = * —2e" —1=0.
Let u = €% to obtain u? — 2yu — 1 = 0. Complete the square:

W —2yu—1=0 = > —2ut+y’=1+y* = (u—y?=1+9>

= |lu—yl=vV1+y? = u=yEVy?+1

FIGURE 34. Both y = sinh(z) and y = cosh(z) approach y = ¢*/2 as x — +00.
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Note that y — /92 + 1 is always negative, whereas e” is never negative. Thus we must have

e =y+VyP+1,
x:ln(y+\/y2+1>

Since y = sinh(z) if and only if sinh ™' (y) = , it follows that
sinh ™ (y) = ln(y + Y2+ 1)

for all y € R. We now have an explicit formula for the inverse hyperbolic sine function.
The hyperbolic cosine function, cosh, is not one-to-one on R. In fact we have

and hence

cosh(—z) = ¢ +2€ S 2—1—@ . +26 = cosh(x)

for any x € R. The derivative of cosh is

cosh’(r) = ————,
so for x € (—o00,0) we have
<0 = z<-2 = <e® = —e <0 = cosh'(z) <0,
and for z € (0,00) we have

>0 = z>-2 = >’ = —e >0 = cosh’(z)>0.

Thus, by Theorem [4.20] cosh is decreasing on (—oo,0) and increasing on (0, 00). In particular
cosh is increasing on [0, 00), and hence is one-to-one there. (If there were to exist some a > 0
such that cosh(0) > cosh(a), then cosh could not be increasing on (0, a)—a contradiction.) This
means that cosh with domain restricted to the nonnegative real numbers, cosh : [0,00) — R, is
one-to-one and so has an inverse cosh™*. The domain of cosh™ equals the range of cosh, which
is [1, 00) since cosh has a global minimum at 0 and cosh(0) = 1. Now, by the same procedure

that found sinh™', we find that cosh™ : [1,00) — R is given by

cosh ™ (y) = ln<y + VY- 1)

for y € [1,00).

Theorem 7.34. The functions sinh : R — R and cosh : [0,00) — [1,00) are one-to-one and

onto, with inverse functions given as follows.

1. sinh~!(z) = 1n<m + Va2 +1 ) for all z € R.
2. cosh™ (z) =In(z + V22— 1) for all z € [1,00).

Theorem 7.35.
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1
1. (sinh™(x) = or all x € R.
sinh ™Y () =~
2. (cosh™)(z) = > for all x € (1,00).
x —
Proof.
Proof of Part (1). Recalling that In’(z) = 1/x, by Theorem [7.34(1) and the Chain Rule we have
1 1 vz +1
(sinh ™) () = S+ 1)—1/2(295)} B L R
T+ 1 Va2 + 14 (22 4+ 1)
B Vi +1+z Va2 +1— (2% +1)
zVr?+ 1+ (@2 +1) zva2+1—(22+1)
22+ 1 - (22412 22V 1 — (2 + 1)%2
o222+ 1) — (224 1)2 —(x24+1)
P = (2 41) 1
—Va?+1 vaz+1
for any x € R. The verification of the second part is accomplished similarly. |

Example 7.36. Show that
1 a
/\/ﬁ \/_smh (\/%q:>+c
for any a,b > 0.

Solution. By Theorem [7.35(1) we have

1 -
mdw =sinh™!(z) + ¢

Let u = (a/b)"?x, so u* = (a/b)x? and dx = (b/a)l/zdu Now,

1 1
/\/ax2+bdx_%/\/(a/b)x2+ \/_ \/u2 % \/u2—|—1du

:%sinh ()+c—%smh (\/; )—l—c
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7.5 — INVERSE TRIGONOMETRIC FUNCTIONS

The function f(y) =siny, y € [—7/2,7/2] is a one-to-one function, and so has an inverse
f~1 which has domain [—1,1]. Now, since f is differentiable on (—7/2,7/2) and for every
y € (—7n/2,7/2) we have f'(y) = cosy # 0, Theorem implies that f~! is differentiable at
f(y) € (—=1,1). Hence f~! is differentiable on (—1,1). By Definition 7.4 we obtain

(fof D) =f(f(2) =2
for all z € Ran(f) = [—1, 1], and so by the Chain Rule we obtain, for any = € (-1, 1),
(fof™ (@) =F(f () (f)(x) =1,

and thus .
(f ) () = @) (7.14)

Setting f~!(z) = y, we obtain siny = f(y) = z and thus

cosy = f'(y) = V1—a?
or equivalently f'(f~'(x)) = v/1 — 22. Putting this result into the equation above then gives
1
—1y/
xTr) =
The function f~!is of course the inverse sine function from trigonometry, written as either
sin™! or arcsin. This proves the first equation in part (1) of the following theorem.

Theorem 7.37.
1. Forallz € (—1,1),
1
arcsin’(z) = and arccos'(z) = — arcsin’(x).

vV1— 22

2. For all x € (—00,00),
1
arctan’(r) = T2 and arccot'(x) = — arctan’(z).

3. For all x € (—o0, —1) U (1, 00),

arcsec’ (z) and arcesc’ (x) = — arcsec’(z).

1
C|zlVEr =1

We verify the second equation in part (3) of Theorem [7.37] The function f(y) = cscy,
y € [-7/2,0)U (0, 7/2] is one-to-one, and so has an inverse f~! with domain (—oo, —1]U[1, c0).
Recalling that f'(y) = — cscy cot y and applying the same arguments that led to (7.14]) gives

—1y\/ o 1
U= Fw)
for x € (—oo,—1) U (1,00). Let y = f~!(z) for any z € (—oo,—1) U (1,00), so that cscy =
f(y) = x for y e (077(/2) U (_77'/27 O)
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If y € (0,7/2), then > 1 and y can be regarded as an interior angle of a right triangle in
Quadrant I as in the figure,

(Va? —1,1)

1
Y

2 —1

A,

From this it can be seen that coty = v/2? — 1, and so since |z| = x we obtain
IS S S B I 1
f(f~=))  f'(y) —cscycoty rva? —1 lz|vVa? — 1

If y € (—7/2,0), then z < —1 and y is an interior angle of a triangle in Quadrant IV,

T 2 —1
- Y

—1

(Va2 —1,-1)

Now we find that coty = —v/x? — 1, and so since |x| = —z we obtain

(@) = 5 1 : 1 :
xT) = = = = = — .
f(f @) f'ly)  —cscycoty  ava?—1 |z|va? —1
By definition f~! is csc™!, which is also written arccsc and so the second half of part (6) is
verified.

Example 7.38. If f(z) = arccos( Sm"”) then
1

sin x

S PR S 0 S W Sy PP P
1 — (esinm)Q \/]_—Gm m
by Theorem m@) and the Chain Rule. -

Example 7.39. If f(x) = sin(sec™!(2x)), then for |2z| > 1 (that is, \x| > 1/2) we obtain

f'(x) = cos(sec ! (2z)) - (sec™(2x)) = cos(sec™*(2z))

’21"\/ 2x
|2x|\/ (2x)? |x|\/ 2)?

However, this can be simplified some more. If we let § = sec™(2z), then 0 < § < 7 is such that
sec = 2x, and so

= cos(sec™!(2z)) = cos(sec™ ! (27))

cos(sec™(21)) = cosf = 1/2x
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since cos = 1/sec. Therefore we have
1

Ja) = 2z|x|VA4x? — 1
for x € (—o0, —1/2] U [1/2, 00). [ |

An immediate consequence of Theorem are the following formulas that allow us to
determine various indefinite integrals.

Theorem 7.40.
1
1. -
/ Vva? — a?
1 1
2. /—dx = — arctan <§> +e¢, foralla € (—o00,0) U (0,00)
a

a? + 22 a

f) + ¢, forall a € (0,00)

dx = arcsin <
a

arcsec ‘5’ + ¢, foralla € (0,00)
a

1
3. | ——dx = —
/ V12 — a? a

Example 7.41. Evaluate

5/4 3
/ S
o, 6422 1100

Solution. Employ the u-substitution procedure: let v = 8x, so that do = %du. When x = 0 we
have u = 0; and when z = 5/4 we have v = 10. Thus,

5/4 0 4 10 1 1 10
o 6422 + 100 o uZ+ 102 8 J, 102 +u2 8 110 10/1,

3 3 3
=30 larctan(1) — arctan(0)] = 20 (% - O) = %,

using Theorem [7.40(2). [ |

Example 7.42. Determine

1
/ (x +3)Va? + 6xd$

Solution. Use u-substitution: let u =z + 3, so x = u — 3 and dx = du, and we obtain

/(x+3)jmdx:/u\/(u_ 1 du:/ﬁdu

1 ‘ +
= — arcsec
3 3 3
using Theorem [7.40)(3) with a = 3. [

+6(u —
1
— arcsec
3

-

’
+ ¢,
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7.6 — L’HOPITAL’S RULE: OTHER INDETERMINANT FORMS

Recall the statements of the various theorems known collectively as L’Hopital’s Rule in §4.7,
which are used to help evaluate limits that otherwise lead to indeterminate forms of the type
0/0 or co/oo. With some algebraic manipulation we were also able to resolve indeterminate
forms such as 0 - oo and oo — co.

We now consider indeterminate forms of the type oo®, 1% and 0°. If a limit lim,_,. f(x)
(or a corresponding one-sided limit) leads to oo®, 1% or 0%, the strategy will be to evaluate
lim, . In(f(x)) instead, which will exhibit one of the forms 0/0 or co/co and so lend itself to
evaluation by L’Hopital’s Rule, and then employ Proposition to obtain
lim f(r) = lim exp(In(f(x))) = exp(lim In(f(x) ).

r—cC

Example 7.43. Evaluate
1 2/x
lim (—) .
z—00 \ DI

Solution. This limit exhibits the indeterminate form 0°, so the strategy will be to obtain a
limit that lends itself to an application of L’Hopital’s Rule.
For all x > 0 we have

() =enln() | =ow[on()] = en(Z57)

The functions f(z) = —2In(5z) and g(z) = z are differentiable on (0, 00), and ¢'(z) = 1 # 0 for
all z € (0,00). Since g(z) — oo as & — oo, and
/ —
lim S'(w) = lim 2/
T—00 g’(gj) z—oo 1

by L’Hopital’s Rule (specifically Theorem [4.35)) we obtain
. f(x) —2In(5z)

m——:- = lim ——= =

=0,

as well. Now, since exp(z) is a continuous function,

1\¥* —21 —21
lim <5—) = lim exp<ﬂ> = exp( lim M) =exp(0) =1
T x

T—00 T—00

by Proposition [2.4]] [ ]

Recall that for any set A C R, a point ¢ € A is said to be in the interior of A if there exists
some d > 0 such that (¢ —d,c¢+ ) C A.

Example 7.44. Evaluate

lim (cot z)”.
xz—07F
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Solution. This limit exhibits the indeterminate form oo®. We evaluate
1 t

lim In(cotx)® = lim zIn(cotz) = lim In(cotz)
et e e—0t  1/x

(7.15)

instead. Certainly In(cot z) and 1/z are differentiable on (0,7/2), and
(1/2) = ~1/2* %0
for all x € (0,7/2). Moreover we see that 1/z — oo as x — 0T. So, we can evaluate ([7.15))
using L’Hopital’s Rule (specifically Theorem 4.36)) if we can evaluate
(In(cot x))’ (1/ cot z)(— csc? x) x?

lim —————— = 1i = lim ——— 7.16
20 (1/x) S0 —1/2? 250+ COS 7 Sin & (7.16)

But this limit itself gives rise to the indeterminate form 0/0! So we must attempt to
apply L’Hopital’s Rule on ([7.16)) before we can address (7.15)). Clearly x? and cosx sinx are
differentiable on (0, 7/4) and

(coswsinz) = cos®x —sin®x # 0
for all z € (0,7/4). Now,
2\/
2
lim@—?:lim x‘2:0:
e—0+ (cosxsinz)’ 20t cos?z —sinz 1 —0

so by Theorem the limit (7.16|) equals 0, and then by Theorem again the limit (|7.15)

1s O:

0,

lim In(cot z)® =0
z—07F

Now, 0 is in the interior of Dom(exp) = (—o0, 00), so by (7.8) and Proposition [2.41]

lim (cot 2)® = lim exp(In(cot z)*) = exp( lim In(cot x)x> =exp(0) =€’ = 1.

z—0t z—0t <a:—>0+

In §7.2 the number e is defined to be that unique real number for which In(e) = 1. The
question naturally arises: How do we determine the value of e? The following provides an
answer. Another way of finding e is given in §10.3.

Proposition 7.45.
1 X
e = lim (1 + —)
r—00 €x

Proof. We evaluate the limit
lim 1n<1 + 1) ~ lim xln<1—|— 1) _ i 2O F )
x

T—$00 T T—00 T—00 1/LU ’

which has a 0/0 indeterminate form and can be treated with L’Hopital’s Rule:

()
-
lim In(1+1/x) ~ lim 1+1/x 7/ i 1 1

— p— :1'
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Thus we have e
lim ln(l + —) =1,
T—$00 €T
and so by ([7.8) and Proposition it follows that
1\ 1Y 1\
lim (1 + —> = lim exp(ln(l + —) ): exp( lim ln(l + —) ) =exp(l) =e' =e¢,
T—00 T T—00 €T T—00 T
as was to be shown. |

A good approximation to e is
1 10,000
~|1 ~ 2.7181.
¢ ( 10, 000)

In actual fact e is an irrational number:
e = 2.718281828459045235360287471352662497757247093...

Example 7.46. Evaluate
lim (cosh ax)'/®®
Tr—00

for a > 0 and b # 0.

Solution. The limit exhibits an co” indeterminant form. Applying Theorem [4.35 we obtain

lim In(cosh az)/*® = lim M — 1 M — T a tanh ax
oo L0 bx T—00 (b:L’)/ T—00 b
a. . eT—e ™ g 1l—e? g 1-0

a
b z—o00 €47 + e—a% b:eggol—ke—?“x b 1+0 b

Now, by Proposition [2.41

lim (cosh az)* = lim exp <1n(cosh ax)l/b””> = exp (lim In(cosh ax)l/lm) = exp(a/b).
T—00 T—00 T—00
That is,
lim (cosh ax)/b = e/
Tr—00
if a >0 and b # 0. u
PROBLEMS

1. Evaluate lim,_,o(cosh az)'/** for a < 0 and b # 0.

sin x

2. Evaluate lim,_,o+ x
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INTEGRATION TECHNIQUES

8.1 — INTEGRATION BY PARTS

Let I be an interval on which functions u, v are differentiable, and u'v has antiderivative Fj.
By the Product Rule of differentiation,

(w)'(z) = w(z)v'(z) + u'(v)o(r) = (u')(z) + (u'v)(x)

for each x € I, and so wv’ = (uv)’ —u'v on I. It is now clear that uv’ has antiderivative uv — Fj
on I, and so Proposition implies that

/uv':{(uv—F0)+c:ce]R}:{uv—(F0+c):CER}
= {uv — F : F is an antiderivative of v'v on I}

=wuv — {F : F is an antiderivative of v'v on I} = uv — /u'v.

We have proven the following theorem.

Theorem 8.1 (Integration by Parts: Indefinite Integrals). On an interval I where u,v
are differentiable and u'v has an antiderivative,

[ =uw- [ (8.1)

We call equation (8.1)) the integration by parts formula for indefinite integrals, which can
also be written as

/u(m)v’(x)dx = u(z)v(x) — /u'($)v($)d:v. (8.2)

The integration by parts formula for indefinite integrals extends quite naturally to definite
integrals as follows.
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Theorem 8.2 (Integration by Parts: Definite Integrals). For any closed interval |a, b]
where u,v are differentiable and u'v has an antiderivative,

b b
/ b /
/ w :uv}a—/ u'v.
a a

Proof. Let F be an antiderivative for v'v on [a,b]. By Theorem [8.1]it follows that G = uv — F'
is an antiderivative for uv’ on [a, b], and so

b
b /
= [(w0)®) - (w)(@)] - [P() - Pla)] =uel, = [ uy
by the Fundamental Theorem of Calculus. |

The conclusion of Theorem [8.2] is often written as

b b
/ u(z)v'(z)de = [u(m)v(m)}z —/ v (z)v(z)d.

a

Some examples will illustrate how the integration by parts technique is put into practice.

/a: cos 2z dx.

Solution. Let u(z) = 2 and v/(x) = cos 2z, so that «/(z) = 1 and we can choose v(z) = 3 sin 2z.

(In fact any antiderivative for v* will be suited to our purpose, but the one with constant term
equal to zero is usually the easiest to work with.) By Theorem it follows that

Example 8.3. Find

1 1 1 1 1
/xcos2xdx:x~§sin2x—/§sin2xdx:§xsin2x——<——0082x+c)

2\ 2
1 . 1 c . 1
= éxstx + Zc0s2x 5= 5x31n2x+ Zcost +c.
For the last equality we observe that, since c is arbitrary, both —c¢/2 and ¢ can assume any real
value, and so replacing the term —c¢/2 with the term ¢ changes nothing. |

Example 8.4. Find

/m@Mm

Solution. Setting u(z) = In(z) and v'(z) = 1, we obtain In(x) = u(z)v'(x). Now, u'(z) = 1/z,
and a suitable choice for v is v(z) = z. (Choosing v(z) = = + ¢ for any constant ¢ will also work
for us, but it’s natural to simply let ¢ = 0.) Now we find that

/h@Mmzm@yx—/lwwx:MM@—/ﬁw:MM@—x+c

T
by Theorem [8.1] [ |
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Example 8.5. Find

/ tan™!(x)dz.

Solution. Setting u(z) = tan~'(x) and v'(z) = 1, we obtain tan~'(z) = u(z)v'(z). Now,
v/ (z) = 1/(2* + 1), and a suitable choice for v is v(xz) = x. Employing integration by parts
yields
1 1 2
/tanl(x)dx =tan '(z) -7 — / o rdr = rtan~'(x) — 3 / o ji 1 dx. (8.3)

Employing u-substitution, we let v = 2% 4 1, so that du = 2zdx and we obtain

2 1
/ Qf_ldx:/—du:lnM+c:ln\x2+1|+c:1n(x2+1)+c.
T u

Putting this result into (8.3) gives
1
/tan_l(x)dx = ztan '(2) — 5 In(z? +1) + ¢ = rtan ' (z) — Inva2 + 1+,
where —%c is written simply as ¢ since it is an arbitrary constant anyway. |

The following example illustrates how integration by parts may be used twice in order to
obtain an equation that can be solved for an indefinite integral.

Example 8.6. Find
/e"" sin(z)dzx.

Solution. Let u(z) = sin(z) and v'(z) = €%, so that u/(x) = cos(z) and we can choose v(z) = e*

to obtain
/e”‘" sin(x)dx = €* sin(z) — /ex cos(z)dx. (8.4)

The new integral on the right-hand side of the equation is no better than the one on the left-hand
side. Before despairing, however, let us see what happens if we apply integration by parts to
this new integral.

Let u(x) = cos(z) and v/'(z) = €*, so v/(x) = —sin(x) and v(z) = €”, and we obtain

/ex cos(z)dx = e” cos(x) — / —e”sin(z)dx = e” cos(x) + / e’ sin(x)dx. (8.5)
Substituting (8.5]) into (8.4) yields
/em sin(z)dz = €” sin(x) — (ex cos(x) + / e sin(z) dx)

Now the integral we are to determine appears on both sides of the equation, which leaves us
to merely solve for it and be done:

e*(sinz — cos x)

/er sin(x)dx = 5 +c.

Do not forget to append an arbitrary constant ¢ in the final result. |
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Question: would the approach in the example above have worked equally well if we had
chosen u(z) = €* and v'(x) = cos(z) in the second integration by parts procedure?

Example 8.7. Evaluate

/1 ' Vtin(t)dt

Solution. Let u(t) = In(t) and v'(t) = v/, so that v/(t) = 1/t and we can choose v(t) = 2¢3/2.

Now,
4 4 3/2
/ Vitin(t) [ 32 In( )} —/ L2 2 [t3/21n ——/ Vtdt
| it 3 3
_ 2 3/2 3/2 2|2 3/2 !
=3 432 In(4) — 1%2In(1)] - 315t
_ 4 3/2 3/2
_g[gln(4)—0]—§[4 - 137
1 4 481n(4) — 2
_ 16, In(4) — _.7:M7
3 9 9
by Theorem [8.2] [ ]

Example 8.8. Let R be the region in the first quadrant bounded by the coordinate axes, the
line z = 1, and the curve y = e™*. Find the volume V of the solid generated by revolving R
about the y-axis.

Solution. By the Shell Method we have

Y = / 2rxe *d

Let u(z) = 27z and o'(x) = e, so that «/(z) = 27 and v(z) = —e~*. By Theorem [8.2]

1
V= [ — 27?366’”‘“](1) — /0 —2me dr = —2me ! + 27[ — e’ﬂé

4
= 2re ! —21(et —1) =27 — iy
e
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8.2 — TRIGONOMETRIC INTEGRALS

A trigonometric integral is an integral whose integrand consists entirely of trigonometric
functions, such as those given in the next two theorems.

Theorem 8.9 (Reduction Formulas). If n is a positive integer, then the following hold.
oon—1
—1
1. /sin”xdm _ S TeosY + n /Sin”_2xdx

n n
CcoS rsinx n-—1

2. /cos”xdx = + /cos"_Zxdx
tan™ !z

3. /tan”xd:ﬁ =

n n
n—1

— /tan”zxd:c, n#1
4, /sec”xdw _ ¢

n—1

=2 ytanx N — 2

/sec"zxdx, n#1

n—1 n—1

The proofs for these various reduction formulas involve the method of induction. A demon-
stration of this for the first formula will be supplied at a later date, as will a proof for at least
one part of the following theorem.

Theorem 8.10.
1. /tanxdx = —In|cosz| +c=In|secx|+c

2. /cotxda::ln|sina7|+c
3. /secxdx:ln|secx+tana:]+c

4. /cscxdx = —In|cscz + cotz| + ¢

Example 8.11. Determine
/ tan? 0 sec 6 df

Solution. We start with the identity tan? = sec? — 1,

/tan29sec«9d9:/(sec:29—1)sec€d0:/sec3 d@—/secé’d@

= (%sec@tanQ—l—%/secé’d@) —/secé’d@

= lsec@tané’— 1/sec@dQ
2 2

1 1
= §sec«9tan9 - §ln\se(:t9 + tan | + ¢,
using Theorem [8.9(4) in the second line, and Theorem [8.10|(3) in the last line. [
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Example 8.12. Determine

/sin7(x) cos® () dx
Solution. We have
/sin7(x) cos®(z)dr = /[sinQ(x)]3cos3(x) sin(x)dx
= /[1 — cos?(x)]? cos®(x) sin(z) dz,

and so if we let u = cos(x), so that sin(z)dz is replaced by —du by the Substitution Rule, we
obtain

/Sin7(x) cos®(v)dx = — /(1 —u?)ud du = /(u3 —3u’ + 3u” — u?) du

1 1 3 1
ZU4 — 5”6 + gus — Eulo +c
1 1 3 1
=7 cos? -3 cos® —|—§ cos® ~10 cos'’ +c.
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8.3 — TRIGONOMETRIC SUBSTITUTION

A trigonometric substitution is a variable substitution that is made that converts an
integral to a trigonometric integral.

Example 8.13. Determine

/\/ 121 — 22dx.

Solution. Let z = 11sin@ for 6 € [—7/2,7/2], so that dx is replaced with 11 cos 6 df as part of
the substitution. Observe that —7/2 < 6 < 7/2 implies cosf > 0, so that

Veos? 0 = | cos | = cosb.

Now,

/\/121 — 22dr = / V121 — 121 sin26 - 11 cos 0 df = / 121 cos 0/ 1 — sin’ 6 db
= 121/0089\/00829d9: 121/00829d9,

and with the deft use of the given formula for [ cos™ 6 df we obtain
fsinf 1 121 121
/\/121 — 2?2dr = 121(% + 5 /(1) d9> = TCOSHSHIQ + 794— c.

From z = 11sin# comes sinf = /11, so # = sin"'(x/11) and # may be characterized as an
angle in the right triangle

11
]

0
V121 — 22

Note that x > 0 if 0 € [0,7/2], and z < 0 if § € [-7/2,0). From this triangle we see that
cosf = /121 — x2/11, and therefore

121 /121 — 22 121
/\/121—x2dx:7-—$-£+—sin1<I>+c

11 11 2 11
xyV/121 — 22 121 ., r«x
= 5 Tysm (ﬁ)ﬂj'

Example 8.14. Determine

1
/—dz, x>7
2 — 49
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Solution. Let x = 7secf. Then dx is replaced with 7secftan @ df as part of the substitution,
and we obtain

/ 1 dp — 7secOtan 6 _/7se(:6tan9 0 — secQtan@dQ (8.6)
Va2 —49 V49 sec? 6 — 49 7vtan2 0 | tan 6| ' '

Now, since we're given x > 7, we have secd = z/7 > 1, and so 0 < § < 7/2 holds. It follows
that tan @ > 0, so then |tanf| = tan 6 and from (8.6 we obtain

secftanf

e T

Given that 0 < § < 7/2 and sec = x/7, we find 0 to be an interior angle of the triangle

df = /sec@d9:1n|secé’+tan9| +ec.

x
2 — 49

7
and so tanf = v/z2 — 49/7 and we obtain

/ 1 J ml x? —49 n

———dr=In{ - + — c,

Va? —49 7 7

where the absolute value signs can be removed since x > 7. ]

Other answers are possible in the example above. For instance we can write
2—49 1
In §+x— +c:ln<x+\/:v2—49>+ln(—>+c
7 7 7
= ln(x + Va2 — 49>+ ¢,

where In(1/7) is “absorbed” by the arbitrary constant ¢ to yield an arbitrary constant that can
just as well be represented by c.

Example 8.15. Determine
/ 1
——dx
V1—1/x

Solution. First we need 1 — 1/x > 0, which implies that z € (—00,0) U (1,00). Assume that
x > 1. Now,

»J;I»—‘

/m /mdx_/

Letting v = x — 3 (so u > 1/2), we obtain

1:/%du:/ﬁdu+%/\/ﬁdu

For the first integral, let v = u? — 1/4 to get

1 </
/,/ 2u 1/4du:§/U_I/Zdv:v1/2:\/u2—1/4: vt —w (8.8)
T
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(we suppress the arbitrary constant for the time being).
For the second integral make the substitution u = 3 sec6. Note that since u > 1/2 implies
secf > 1, the new variable 6 will satisfy 0 < 6 < 7/2 and thus

1 1 1 1 1
\/u2—1/4:\/Zsec2ﬁ—zl:§vtan2 :§\tan6\:§tan6. (8.9)
Now, since sec f = 2u implies tan § = v/4u? — 1,

—tanfsectdf = /sechG = In|secf + tand|

1
/\/uQ—l/ /tan@ 2
=In(2u+ V42 —1)=In(22 — 1 +2Va? — z) (8.10)

Finally, combining and , we obtain from
/ﬁdx:\/m+%ln(2x—l+2m)+c, if 2 > 1.
The analysis is similar if we assume that < 0, only leads to
ur—1/4= —%tan&

since u < —1/2 implies 7/2 < 6 < 7; then, noting that 2u + v4u? — 1 < 0 for u < —1/2, the
manipulations in (8.10) take a slightly different tack:

1 -2 1
/—du:/—-—tanGsec@dGz—/sec@d@z—ln|sec9+tan9|
Vu—1/4 tanf 2
:—1n<—2u—\/4u2—1):—ln<1—2x—2\/x2—:17).

Therefore
ViZ—z4+InV2r —1+2Va2 —x+e, ifz>1
/\/m {\/H—ln\/l—Zx—Z\/xQ—x—l—c, if x <0
which necessarily is piecewise defined. |

Recalling the definition of an antiderivative given in Chapter 4, what we’ve found in the
example above is that an antiderivative for f(z) =1/4/1 —1/x on any interval I C (1, 00) is

given by
Fi(z)=vVa22—z+Inv2zr —14+2V22 —z +c¢

for an arbitrarily chosen constant ¢, which implies that F{(z) = f(x) for all z > 1. On the other
hand, an antiderivative for f on any I C (—o0,0) is given by

Fy(z) = Va2 —2z—Inv/1—22—2Va? —z +c,
so that Fy(z) = f(x) for all z < 0.




192

8.4 — PARTIAL FRACTION DECOMPOSITION

Recall that, formally, a rational function is a function f for which f(z) is a rational expression.
Thus, f(z) = p(x)/q(x) for polynomial functions p and ¢, where ¢ is not the zero function.
Given

p(z) = ana™ + ap_ 12"t -+ apx® + arx + ag,
recall that the “degree” of p, denoted by deg(p), is the highest power of z in the polynomial;
thus, deg(p) = n.
Suppose deg(p) < deg(q), there are polynomials ¢;(z), ..., g,(x) such that each ¢;(x) is a

factor of ¢(z) but not all ¢;(z) equal ¢(z), and there are polynomials p;(z),. .., p,(x) such that
deg(p;) <1 for each i and

p@) _p@)  p(@) L pe(@)
9(z)  a(r) @) Gn()
Then the right-hand side of (8.11)) is a partial fraction decomposition of p(z)/q(x).

(8.11)

Example 8.16. Find a partial fraction decomposition for
7
222 + 5r — 127
Solution. First, 2% + 5x — 12 = (2z — 3)(x + 4), so it’s reasonable to suppose that there must
be fractions A/(2z — 3) and B/(x + 4) such that
A N B 7
2r —3  x+4 (20 —3)(z+4)
for all x # —4, % What must be done is to determine the appropriate values of A and B. First
observe that, for x # —4, %,
A B
20 — 3 4) - < >:
Qr=3)e+ D\ 5 051" @ o9y

Alx+4)+ B2z —-3) =7

(22 —3)(x +4)

(A+2B)x+ (4A—-3B) =0x + 7,

and so it stands to reason that A+ 2B = 0 and 4A — 3B = 7. That is, we have a system of two
equations with two unknowns A and B. From A + 2B = 0 we obtain A = —2B, which we put
into 44 — 3B =7 to get 4(—2B) — 3B = 7. Now,
4(-2B)-3B=7 = —-11B=7 = B=-7/11,
and thus A = —2(—7/11) = 14/11.
Therefore the partial fraction decomposition we seek is
WA -7 7
20 —3  x+4 1112z -3) 1l(x+4)’

which is easily verified by combining the fractions. |
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The utility of partial fraction decomposition lies in its potential to help determine otherwise
intractable integrals.

Example 8.17. Determine
/ 7
————du.
222 + br — 12

Solution. Using the result of the previous example, we obtain

/ 7 dx_/( 4 7 )dm
202 +5r— 12 7 J \11(2z - 3) 11(x +4)
4 1 7 1

= — T — — dx
11/ 22z -3 11/ z+4

7 7
:ﬁln|2x—3|—ﬁln|x+4|—|—0.
[

A general characterization of the partial fraction decomposition methodology is furnished by
the following theorem.

Theorem 8.18 (Partial Fraction Decomposition). Let p and q be polynomial functions
such that deg(p) < deg(q), and suppose q can be factored as a product of polynomials of degree
at most 2. Then one of the following cases must hold.

1. q(x) has form
¢1(x) = (a1 + by)(agz + bg) - - - (apx + by)

a;x + b; # ajx + b; whenever i # j. So qi(x) is a product of distinct linear factors. Then
there exist constants Ay, As, ..., A, for which

plz) A A A,
= + 4o
()  ax+b  ax+b anx + by,

(8.12)

2. q(z) has form
G2(z) = (ax + b)"
for some integer n > 2. So qo(x) is a product of repeated linear factors. Then there exist
constants By, By, ..., B, for which

p(l’): By + By +...+i
@(x) ar+b  (ax +b)? (ax + b)"

(8.13)

3. q(x) has form
¢3(x) = (a2 + bix +¢1) - - (a2 + bz + ¢1),
with b — 4a;c; < 0 for each i, and a;x* + byx + ¢; # a;a® + bjx + ¢ if i # j. So g3(x) is a

product of distinct irreducible quadratic factors. Then there exist constants C1,...,C, and
Dy, ..., D, for which
T Cizx+D Cor+ D Cyx+ D,
plx) G L, © 2 4y , (8.14)

B(r)  aa?+bhr+ce ax? + bx + o anx? + byr + ¢,
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4. q(x) has form
u(x) = (ax® + bz + )"
with b* — dac < 0 and n > 2. So qu(z) is a product of repeated irreducible quadratic factors.
Then there exist constants C1,...,C, and D, ..., D, for which

p(z) _ Cix + D, Cox + Dy - Chx+ D, ' (8.15)
q(z)  ar?+br+c (ax?®+br + c)? (ax? 4+ bx + )"
5. q(z) has form
5(7) = q1(2)q2(2)g3(x) qa ().
Then the decomposition is given by
p)  pi(x) | pax) | ps(x) | palx)
5@ 0@ 6@ T eE e (&1

where p1(x)/q1(x), p2(z)/q2(z), ps(x)/gs(x), and ps(x)/qu(z) are given by the right-hand
sides of equations (8.12)), (8.13)), (8.14), and (8.15)), respectively.

The best understanding of the overall strategy can be attained by examining an abundance
of examples. Example illustrates Case (1) of Theorem [8.18] as does the next example.

/3 62 4+ 52 — 3

——————dux.

5 a3 4222 — 31

Solution. Factoring the denominator yields z(x 4 3)(z — 1), which are three distinct linear
factors and so Case (1) applies here:

6£L’2 + 5z — 3 . Al A2 A3

(x4 3)(x—1) 7+x—|—3+x—1'
Multiplying both sides by z(z + 3)(z — 1), we obtain

Example 8.19. Evaluate

622 + 51 — 3= Ai(z+3)(x — 1) + Agx(x — 1) + Azz(x + 3)
= (A 2® + 2412 — 3A)) + (As2® — Ayw) + (Asx® + 3A32)
= (Al + A2 + A3)$2 + <2A1 — AQ + 3143)&3 — 3A1
Equating coefficients of 22, coefficients of x, and constant terms, we obtain a system of
equations,
A1 + AQ + Ag = 06
2A1—A2+3A3:5
3A, = 3

From the third equation we obtain A; = 1. Putting this into the first equation yields
14+ Ay + A3 =6, and so Ay, =5 — Az. Now from the second equation we have

2(1) = (5—A3) +343=5 = 4A3-3=5 = A3=2,
and thus A, =5 — A; = 3.
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Turning our attention to the integral, we obtain

/“6ﬁ+5x—3dx_/“<1+ 3, 2 )dx
o 234202 -3z Jy \z  x+3 -1

= [ln|x!—|—31n|x+3|+2ln|x—l]]3

=In3+3Mm6+2In2—-n2—-3In5—-2In1l
=n3+3n6+1n2—-3Insd
=4In6—-3Inb

as the answer. |

/Gﬁgﬁm'

Solution. Here we have a repeated linear factor in the denominator of the integrand, and so in
accordance with Case (2) of Theorem we obtain

1’2 . Bl i B2 + BS
(z+13 z4+1 (z+1)2 (z+1)3
Multiplying both sides by (z + 1)? yields

2* = By(x 4+ 1)* 4+ By(x + 1) + B,

Example 8.20. Determine

whence we obtain
2* = Biz? + (2By + By)x + (By + By + Bs).
Equating coefficients of matching powers of x produces the system of equations

By =1
231 + BQ == 0
Bl —|— Bg —|— B3 = 0

Putting B; = 1 from the first equation into the second equation gives 24 By = 0, or By = —2.
Now the third equation becomes 1 —2 4+ B3 = 0, or B3 = 1. We return to the integral to obtain

/ﬁdm a / (a:ill + (a:—Bi-21)2 + (:1:—?—31)3) du

:/(x+1_(x+1)2+($+1)3)dx (8.17)
2 1
r+1 20 +1)

=Inlz+ 1]+ 5 +C

In Example [8.20] we could also have determined the integral by using a w-substitution
approach: let u = x + 1, so that x = u — 1 and

x? (u—1)2 12 1
/<x+1>sd””:/—us d“Z/(a—W@)d“v
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which can be seen to be the same integral as (8.17]).

Example 8.21. Determine

X.

/3:1:3—3:2—1—655—4
(224 1)(22 +2)
Solution. The denominator is a product of distinct irreducible quadratic factors, and so in

accordance with Case (4) of Theorem we obtain
323 — 22+ 6 —4 B Cix + Dy n Cox + Do
(22 + 1) (22 +2) 22+1 2+2
Multiplying both sides by (2% + 1)(2? + 2) yields

37° —2° 4+ 62 — 4 = (Chz + Dy)(2° + 2) + (Coz + Do) (2% + 1),
whence we obtain
3.%3 — 113'2 + 6 —4 = (Cl + 02)£E3 + (Dl + Dg).ﬁEQ + (201 + CQ)ZL‘ + (2D1 + DQ)

Equating coefficients of matching powers of x produces the system of equations

Cl + CQ = 3
D1 —+ DQ = —1
201 + CQ = 6
2Dy + Dy = —4

Solving the system gives C} = 3, Cy =0, D; = —3, and D, = 2. Returning to the integral, we
obtain

/3x3_x2+6x_4d1‘—/(Clx+Dl+02x+D2)dl‘
(x2+1)(224+2) B 241 2 42

_/<3x—3+ 2 )d

N 241 2242 v
3 3 1

:/ 296 dm—/Q—dx+2/—dx
2 +1 x2+1 22 4 (v/2)?

3
= §1n|x2 + 1] —3tan '(z) +2- —=tan" (—) + ¢,

where the first integral can be determined by using the substitution v = 2% 4+ 1. Therefore

323 — 2% + 62 — 4 3 .
dr = S In(z* + 1) — 3tan™" 2t _1(_>
/(:c2+1)(:c2+2) r=3n(a* +1) = 3tan”(2) + V2t { 5 ) e

noting that |z* + 1| = 2% + 1. [ ]

Example 8.22. Determine

522+ 3x — 2
——dx.
x4+ 3 — 222
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Solution. Factoring the denominator, the integrand is
5z% + 3z — 2
22(x+2)(x — 1)’
so ¢ + 2 and x — 1 are distinct linear factors, and z is a repeated factor. According to Case (5)
of Theorem [R.18 we have
5% + 3z — 2 P, P A A B B
B () 2(33):( . 2>+<_1+_2>7
r+2 x-—1 x 2

22(x+2)(z—-1) (z+2)(z—1) x?
employing the prescribed decompositions for Cases (1) and (2). Multiplying the left and right
sides of the equation by z%(z + 2)(xz — 1) yields

572 + 31 — 2= A1 (x — 1) + Awr?(z +2) + Biz(z + 2)(z — 1) + Bo(z + 2)(x — 1),
and thus
5a% 431 — 2 = (A1 + Ay + By1)a® + (— Ay + 2As + By + By)a® + (—2B; + By)x — 2Bs.

Equating coefficients of matching powers of x produces the system of equations

Al + A2 + Bl = 0
—Al + 2A2 + Bl + B2 = 9
—2B; + By = 3

2By = 2

The solution to the system is A; = —1, Ay = 2, By = —1, B, = 1. We now return to the

integral,
/5x2+3x—2d /(—1+ 2 +—1+1>d
- dr = — 4+ —)dx
x4 + 13 — 222 r+2 x-—1 T 2
1

=—Injz+2|+2ln|z -1 —In|z| — =+ C,
x

a relatively easy resolution. |

/ i+ 1

————dz.

z(x? +1)2

Solution. The denominator of the integrand consists of a distinct linear factor z, and also a

repeated irreducible quadratic factor 2 + 1. In accordance with Case (5) of Theorem we
obtain

Example 8.23. Determine

1 _ Pi(z) Pyx) A (C’l:erDl +C’2x+D2>
x(x? 4 1)2 x (22 +1)2 «x 2 +1 (2 +1)2/°

employing the prescribed decompositions of Cases (1) and (4). Multiplying the left and right

sides of the equation by z(2? + 1)? yields

vt +1=A2* + 1) + (Cro + Dy)z(z? + 1) + (Cozx + D)z

= (A + 01)1'4 + D1$3 + (2A + Cl + 02)372 + (Dl + DQ)QZ' + A.
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Equating coefficients gives A+ C, =1, D1 =0,2A+C1 +Cy =0, Dy + Dy =0, and A = 1.

Thus Dy = 0, and

A+Ci=1 = 14C;=1 = C1=0

and

2A+C1+C,=0 = 2(1)+0+Cy=0 = Cy=-2.

Turning to the integral, we obtain

/ﬂdx—/<é+olx+Dl+
z(z?2 +1)27 x

1 2x
=In|z| +

where the last integral can be determined by letting u = 2> + 1 to get [(1/u*)du = —1/u.

OQZL' + Dg)
d
(224 1)2



199

8.5 — IMPROPER RIEMANN INTEGRALS

In this section we undertake a study of improper integrals. Simply put, an improper
Riemann integral is any sort of “integral” that does not conform to the definition of a
Riemann integral as given by Definition , which requires an interval of integration [a, b] that
is closed and bounded, and also a bounded real-valued function f that is defined at every point
in the interval of integration so that [a,b] C Dom(f). If f:[0,2] — R is given by

22, if0<x<?2
f(x){m, itz =2

then the integral f02 f is a completely “proper” Riemann integral which can be evaluated using
either Definition [5.2] or Theorem [5.21] even though f has a discontinuity at 2. This is therefore
not the kind of integral we’re concerned With at present.

Suppose f is Riemann integrable on [a, x] for all x > a. By definition we have

/feR

for each x > a. This observation leads us to ask whether fax f tends to some limiting value
L € R as © — o0; that is, does the limit

lim f

T—00

exist in R? Such a question arises frequently in applications, and so motivates the following
definition.

Definition 8.24. If f € Rla,b] for all b > a, then we define

[r-pmf

and say that [ f converges to L if [° f = L for some L € R. Otherwise we say that [ f
diverges.
If f € Rla,b] for all a < b, then we define

/ f= lim f

a—r—0o0
and say that f_boof converges to L if f_oo f=1L for some L € R. Otherwise we say that
f_boof diverges.

If an improper integral converges to some real number L then it is customary to say simply
that the integral “converges” or is “convergent.” An integral that “diverges” is also said to be
“divergent.” Any integral of the form [ f, f_boo foor [Z f (see below) is called an improper
integral of the first kind.

The next proposition establishes linearity properties specifically for integrals of the form
faoo f that are identical in form to the linearity properties of the Riemann integral given in §5.3.
There are similar linearity properties for all types of improper integrals.
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Proposition 8.25. Suppose faoof and faoog are convergent and ¢ € R. Then the following

hold.
/ cf = c/ f
2. [(f +g) is convergent, with

1. [ cf is convergent, with
[ ura=[ s[4

The proof is a routine application of relevant laws of limits established back in Chapter 2,
and so left as an exercise.

Example 8.26. Determine whether

<]
/ H(ZJ) i
1 T

converges or diverges. Evaluate if convergent.

Solution. It will be easier to first determine the indefinite integral

/ ln(f) dz.

We start with a substitution: let w = In(z), so that dw = (1/x)dz and e = ® = z; now,

|
/Lj)dmz/we_wdw.
x

Next, we employ integration by parts, letting «'(w) = e and v(w) = w to obtain

/we_“’ dw = —we ™™ + / e Vdw=—-we " —e"+C.

Hence,

/hl(w)dx:_ln(x).1_14_0:—M+C.

x? r x
Now we turn to the improper integral,

/°° In(z) . /b ln(g:) P {_ln(x)le]b

2 b—00 xT b—r00 T
(b —In(b) + 1)
b

[_ln(bi—i- 1 N ln(li—i— 1}

Y im (1_1/b> =1,
b—o0 1

using L’Hopital’s Rule where indicated.
Therefore the improper integral is convergent, and its value is 1. |

= lim
b—00

= lim
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Given an improper integral such as faoo f(z)dzx, if f(x) >0 for all x € [a, 00), then the value
of the integral can be naturally interpreted as being the area under the curve y = f(z) for = > a.
If the integral is divergent (in this case it will equal 0o), then the area is said to be infinite; and
if the integral is convergent, then the area is set equal to the real number the integral converges
to. Thus the area under the curve y = In(x)/2?, illustrated in Figure , is considered to be 1.
Thus, the shaded region has an infinite “perimeter” and yet a finite areal!

Proposition 8.27. Suppose that f € R[s,t] for all —oo < s <t < oco. If [ [ and [ f

converge for some ¢ € R, then for any ¢ # c the integrals f_coo f and féoo f also converge, and

Lo o= o)
Proof. Suppose f_coo f and fcoo f converge for some ¢ € R, meaning the limits

b
lim f and lim / f
b—oo J.

a——0o0

/ /f+/f

where [ f, f f € R since f is integrable on [¢, ¢] and [c, b], and so

[rmtm s [ e [0)=[rem [ o= 1[0 o

Observing that [ f, [ f € R, we readily conclude that [, f € R and hence [,° f converges.

For all a < ¢ we have
[ u/ /ﬁ

where f f, f f € R since f is integrable on [a, ¢| and [¢, ¢], and so

/_oof—agmoo f= 1im (/ / r)=, hm/ / / /f 8.19)

Observing that f_oo 1 fé f € R, we readily conclude that f_oo f € R and hence f_oo f converges.

both exist. Let ¢ < c.
For all b > ¢ we have

Yy

0.2 T Area=["In(z)/z*dz = 1

0.1+

—_
&V

FIGURE 35. The area under the curve y = In(x)/x?.
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Finally, combining (8.18) and (8.19)), we obtain

/_;er/;of=</_;f—/:f)+(/:f+/:of>:/_;f+/:of,

as desired. ]

Due to Proposition we can unambiguously define an improper integral of the first kind
whose interval of integration is (—oo, 00).

Definition 8.28. Suppose that f € R[s,t] for all —oo < s <t <oo. If [*_f and [ f both
converge for some —oo < ¢ < 00, then we define

fo=lo+] s
and say that ffooo f converges. Otherwise we say ffooof diverges.
It should be stressed that ffooo f can not be reliably evaluated simply by computing the limit

b

as the next example illustrates.

Example 8.29. Show that

< 2z
d
/_001+a:2 !

b

diverges, and yet

dz = 0.

lim

Solution. Letting u = 1 + 22 gives du = 2z dz. Then

b9y 146 4 L ) )
i 1+x2d1:: 1 Edu:[ln|u\]1 =In(1+0°) —In(1) = In(1 + v%),

and so

> 9 b 9
/ x dr = lim L dr = lim In(1 + b2) = 0.
0 1+ 22 b—oo [ + z2 b—o0

2
/ x dx
0 1+£L'2

<2
/ T dx
oo L+ 22
diverges as well.

On the other hand, again employing the substitution v = 1 + 22 we find that

b 1+b2
2 1
/ xQd:z::/ —du =0,
_b1+.1‘ 1452 U

Thus

diverges, and therefore
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and so

b
2
lim Y dr = lim (0) = 0.

b—oo J_y 1+ 22 b—o0

An improper integral of the second kind is an integral of the form

/abf,

where —0o < a < b < oo, for which there exists some p € [a,b] such that p ¢ Dom(f). The
following definition establishes how such an integral is to be evaluated, if it can be evaluated at
all, in the case when p = a or p = b.

Definition 8.30. If f € R[c,b] for all ¢ € (a,b] and a ¢ Dom(f), then we define

[r=tm [

and say that fabf converges to L if fabf = L for some L € R. Otherwise we say that fabf
diverges.
If f € Rla,c] for all ¢ € [a,b) and b ¢ Dom(f), then we define

b c
/ f = lim f
a c—=b" J,

and say that f;f converges to L if fabf = L for some L € R. Otherwise we say that fff
diverges.

Very often if f is continuous on, say, (a,b] and a ¢ Dom(f), then f has a vertical asymptote
at a; that is, lim, ..+ f(z) = *o0o. However, it could just be that a value for f is simply not
specified at a by construction. For example for the function

(2) 322, if x <5
€Tr) =
7 4 —8x, ifx>5

it’s seen that ¢(5) is left undefined, and so the integral f59 @ is an improper integral of the
second kind. By Definition we obtain

/5 p=lim [ (4—8z)dr = lim [4z —42%]° = lim [(4(9) — 4(9)%) — (4c — 4¢)]

=51 J. c—5+ ¢ c—5t

= (4(9) — 4(9)%) — (4(5) — 4(5)*) = —208,

which shows that f59 © is convergent.

Example 8.31. Determine whether
0

1
—dx

-1 .T2

converges or diverges. Evaluate if convergent.
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Solution. The function f(z) = 1/2? being integrated has a vertical asymptote at x = 0, which
is the right endpoint of the interval of integration [—1,0]. By Definition we obtain

0 c c
1 1 1 1
/ —dzr = lim —dr = lim {——} = lim <—— — 1> = 00,
1 x? c—0- ) 1 22 e—0- L xl_| 0\ ¢

which shows that the improper integral is divergent. |
Example 8.32. Determine whether
2z
/ R
0o vV 4 — 22
converges or diverges. Evaluate if convergent.

Solution. Here x/v/4 — 2?2 has a vertical asymptote at x = 2, the right endpoint of the interval
of integration [0,2]. By Definition [8.30]

/ g / I g
——dx = lim ——dx,
0o V4 —a? —2- Jo V4 — 22
and so, letting u = 4 — 22 so that zdx = —%du, we obtain

4-c2
lim = lim 1/2 du = lim 1

¢ X 4—c?
C—>2/o Vi —z? Tt 4 Vu =2 2 [ \/6]4
— lim (2—\/4—@) —2_\/i_22=29,

c—2~

Hence the improper integral is convergent, and its value is 2. |

The next definition addresses the circumstance when a function f is not defined at some
point p in the interior of an interval of integration. Again, this is commonly due to f having a
vertical asymptote at p, so that

lim |f(z)] =00 or lim |f(z)| = oo,
z—pt T—p~

but other scenarios are possible.

Definition 8.33. Suppose that f € Rla,c| for all ¢ € |a,p), f € Rc,b] for all ¢ € (p,b], and
p ¢ Dom(f). If [V f and f;f both converge, then we define

[r=[r s

and say that fff converges. Otherwise we say ff f diverges.

3
1
o X

converges or diverges. Evaluate if convergent.

Example 8.34. Determine whether
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Solution. Here 1 /z* has a vertical asymptote at # = 0, an interior point of the interval of

integration [—2,3]. Now, by Deﬁmtlonm

51 17° 11
—dx— lim —4da:— lim {——} = lim <———|— ) 0,
c—0t

0+ esot L a3 27

which shows that fo x4z is dlvergent. Thus, since

3 0
/ 2 *dr and / x4 dr
0 —2

cannot both be convergent, by Definition [8.33|it’s concluded that [ 3’2 r~*dx is divergent. W

The integral treated in Example [8.34] like all improper integrals of the second kind, does
not look improper at first glance. If one is careless and undertakes to evaluate the integral
by conventional means, one is likely to arrive at a reasonable-looking answer without ever
suspecting that something is amiss:

/ p 1}3 1 N 1 35
—ar = —_— [ — R —
g x4 3], 27 -8 216’

which is incorrect! So, before attempting to evaluate a definite integral, it is necessary to check
that the integral is not improper in some way.
It is possible to have an integral that is improper in more than one sense, such as

>~ 1
o T

Here we have an integral of f over an unbounded interval [0, 00), so it’s an improper integral of
the first kind, and also f is undefined at 0, so it’s an improper integral of the second kind. Such
an integral is called a mixed improper integral.

Definition 8.35. If f € R[s,t] for alla < s <t < 00, a ¢ Dom(f), and [; f and [ f both
converge for some ¢ € (a,00), then we define

[r=frefs

and say [~ f converges. Otherwise we say [~ f diverges.
If f € Rls,t] for all —oo < s <t <b, b¢ Dom(f), and [ f and fcbf both converge for

some ¢ € (—o0,b), then we define
b c b
fo=f o]

and say ffwf converges. Otherwise we say ffoof diverges.

Example 8.36. Determine whether the mixed improper integral

[ o

converges or diverges. Evaluate if convergent.
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Solution. We start by determining the indefinite integral

[ Farat

Let u = /x, so that 1 +u? = 1 + x and we replace dz with 2u du to obtain

1 2u 1
/\/E(qux) v /u(u2+1) " /u2+1 "
= 2arctan(u) + ¢ = 2arctan(v/z ) + c.

Now,

' 1 : 1
[ =t [ oyt = i Roren(/5).

= hr(r)l 2[arctan(1) — arctan(a)] = 2[arctan(1) — arctan(0)]
a—

=2(7-0)=5

and
(e e} 1 ) b
/1 mdm bhﬁrg/ \/_ -y da: = lim [2arctan(v/z )]
T T
= bILIEOQ[arctan(\/g) — arctan(l)} = 2<§ — Z> =5
Since

/dew and /fmd“f

both converge, we conclude that

/ \/_1+$ /\/_1+as dx+/ \/‘1+x)

by Definition [8.35 u
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8.6 — CONVERGENCE TESTS FOR INTEGRALS

It can be difficult to determine by direct means whether an improper integral is convergent
or not, largely because definite integrals themselves can be difficult to evaluate. One tool to
remedy this is the Comparison Test for Integrals. Before stating the theorem, we establish a
lemma that will be needed to prove the theorem.

Lemma 8.37. Suppose the function f is monotone increasing on (a,o0). If
lim f(x) =M,
T—00

then f(x) < M for all x > a.

Proof. Suppose there exists some xy > a such that f(zg) > M. Thus f(zg) = M + € for some
e > 0. Now, for any 5 > 0 we can let x; = max{zo, 8} + 1. Since z; > x¢ and [ is monotone
increasing, we have

fl@) =2 flwo) =M +e = flz))-M=e = [flz))-M|=e

Observing that x; > ( also, we conclude that for any 5 > 0 there exists some z > /3 for which
|f(x) — M| > ¢, and therefore

lim f(z) # M.

The contrapositive of the statement of the lemma is proven. |

Theorem 8.38 (Comparison Test for Integrals). Suppose f € Rla, x| for all x > a, and
0< f<gonla o) Iff g 1s convergent, then f f is convergent.

Proof. Suppose faoo g is convergent. By definition it follows that g € Rla, ] for all x > a,
and so we may define ¢ : [a,00) — R by (z) = ff g. Similarly we define ¢ : [a,00) — R by

NO_WL,[QQJ; 0 on [a, 00) implies that
[0
for any a < z < y. Thus, for any z,y € [a, 02 such that x < y we have
n=[o=] g+/ o2 [
which shows that ¢ is monotone increasing on [a, o). Since f > 0 on [a, 00), a similar argument
establishes that ¢ also is monotone increasing on [a 00).

Since faoo g converges, there exists some M € R such that

xT

lim g= M.
T—00 a

That is, v is monotone increasing on (a, occ) and

lim ¢(z) = M,

T—00

so ¥(z) < M for all > a by Lemma [8.37
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Finally, from the hypothesis that f < g on [a, 00), we have

9= [ 1=t

for all x > a. It is now estabhshed that ¢ is both monotone 1ncreasing and bounded above on
(a,00), and therefore lim, ., p(z) exists in R by Proposition [2.31] Since

/ f = lim f— lim ()

T—r00

it follows that faoo f is convergent. |

Proposition 8.39. Suppose f € Rla,z] for all x > a. If faoo |f| is convergent, then faoof is
convergent.

Proof. Suppose that [ |f] is convergent. Then |f| € R[a,z] for all 2 > a, and since the same
holds true for f by hypothesis, we have f +|f| € Rla,z] for all > a by Proposition 5.17} Now,
since 0 < f + |f| < 2|f] on [a,0), and

[ o

is convergent by Proposition [8.25] the Comparison Test for Integrals implies that

[

is convergent. Then, because faoo —|f| is convergent by Proposition , it follows by Proposition
[R.25] that

/ T + D]

is convergent. Of course (f + |f]) + (—|f]) = f on [a,00), and thus we conclude that [ f is
convergent. |

Proposition 8.40 (p-Test for Integrals). Let a > 1. Then
>~ 1
/ —dz
a wp
s convergent if and only if p > 1.

Example 8.41. Show that

o .
sin
dx
1 T

Solution. Let t € [1,00) be arbitrary. Employing integration by parts with u(x) = 1/x and
V'(z) = sinz, we have

/t sinxdx: [_Cosxr _/t costdx — cos(1) cost _/t COST ;- (8.20)
1 1 1 !

T T T t 2

converges.
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We wish to show that the integral at right in (8.20)) is convergent. Let

pla) = 5 and v(r) =

x?’

For any x € [1, 00),
|cos:r;|

0 fo()l = 58 < = wta),

and thus 0 < || < v on [1,00). Also, since || is contlnuous on [1, 00), Proposition implies
that |p| € R[1, 2] for all x > 1. Observing that

[onf o

converges by the p-Test, it follows by the Comparison Test that

> | cos x|
/ !solz/ ;—dx
1 1 x

likewise converges. Now, since ¢ € RI[1,z] for all x > 1, by Proposition m

/ / COST

lim
t—o0 1 J,’Z

also converges. That is, the limit

exists in R; and since
cost

lim (cos(l) - T) = cos(1)

t—o00

also exists in R, from (8.20)) we conclude that

0o - t - t
t
/ Smxdx = lim Smxd:c = lim (cos(l) — CO: )— lim / Coixdx
1 1

€ t—oo [y x t—o00 t—00 T

o .
sin x
dx
1 T

is convergent. |

Lsing
dx
0 T

converges, and then conclude that the mixed improper integral

o .
sin x
dx
0 x

exists in R. That is,

Example 8.42. Show that

is convergent.
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Solution. The integral is an improper integral of the second kind since the integrand is undefined

at 0. By definition,
1 1.
sin x sin x
/ dr = lim dz.
0

x t—0t J,

1

Making the substitution u = 27!, so that formally —z~2dx is replaced with du, we have, for

any t € (0,1),

/1 sinxdx _ /1 —x*i:slinxdx _ /1 sin(1/u) du — /Ut Sin(l/u)du,
t X t z 1/t u 1 u

and thus

1 1/t 2 1 t 3 1  qin(1
/ P gy = lim Mdu = lim/ Mdu :/ Mdu. (8.21)
0 1 1

€T t—0t Jy U t—oo u u

Let in(1/u)
sin(1/u
fluy = 207,
Since f is continuous on [1, 00), Proposition implies that f € R[1,z] for all z > 1. In the
proof of Proposition we derived the inequality 0 < siné < 6 for all § € (0,7/2), and since
1/u € (0,7/2) for all u € [1,00), it follows that 0 < sin(1/u) < 1/u holds for all u € [1,00), and
hence
0 < sin(1/u) < %
u u
on [1,00). By the p-Test it is known that [ loo x~2dx converges, and therefore by the Comparison

Test % 4in(1
/ sin(1/u) du
1

u
likewise converges. Recalling (8.21]), we conclude that

Leinz
dx
0o T
o -
sin x
dx
1 T

was found to converge in the previous example, by Definition [8.35] it follows that
/ *sinw
dx
0 T
* sinx Lsinz * sinx
/ dr = / dx + / dx.
0 z o ¥ 1 Z

Example 8.43. Show that

converges as desired.
Finally, because

converges also, with

*® sinx
d 8.22
/_ e (8.22)

is convergent.
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Solution. Let ¢ > 0. Making the substitution u = —z, and recalling that sin(—6) = —sin 6 in
general, we have

0 sin x 0 sin(—u) 0 sinu " sinu
dr = — ——du = — du = du.
4 . U ¢ U o U

Y sinzx ) Osinz ) tsinx *®sinx
dr = lim dxr = lim dr = dx,
0

x t—o00 + X t—00 0 x x

Hence

and since the integral at right is known to converge by Example (which is to say it equals
a real number), it follows readily that
0 .
/ sin @ I
oo T

likewise converges. Thus, by Definition [8.28 the integral (8.22)) converges, with

0O 1 00 1 0 : 00 1
Sin Sin & s x S x
/ das:/ da:+/ dx:2/ dx.
oo X 0 T oo X 0 X

in particular. |
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SEQUENCES AND SERIES

9.1 — NUMERICAL SEQUENCES

In mathematics what’s called a “sequence” is a function with domain consisting strictly of
some subset of integers, most commonly the natural numbers N = {1,2,3,...} or whole numbers
{0,1,2,...}. Some references may insist that the domain of a sequence must always be N, but
this is neither necessary nor necessarily desirable.

Definition 9.1. A sequence is a function f for which Dom(f) ={n € Z :n > m} for some
m € Z. If f(n) = a, for each n > m, then f may be denoted by the symbols

(@)%, o (Gm, Qmit, Gma,---)-

Here n is the index of the sequence, and a,, is the sequence’s nth term.

Letting [ = {n € Z : n > m}, a sequence (a,)5>,, may also be denoted by (a,)ner. Thus
the symbols (a,)%, and (a,).en are equivalent. Frequently the simpler symbol (a,) may be
used in the interests of brevity or generality.

Given a nonempty set S, if a,, € S for all n, then we say (a,) is a sequence in S. For our
purposes a numerical sequence is a sequence R; that is, a sequence (a,,) in which a,, € R for
all n.

The most common way to define a sequence is to give an explicit formula for its nth term.
An example of an explicit formula for a sequence is

(n*)e2, = (1,8,27,81,125,...),

where it is explicitly given that a,, = n3 for each n > 1.
Another example of a sequence given by an explicit formula is

<n+1) :<3727§7§7z7"'>7
n—1 3°2°5

n=2

which starts with n = 2. The formula results in division by zero when n = 1. We may reindex
the sequence, so that the index starts at 1 instead of 2, if we replace each n with k + 1:

(n+1>°° _((k+1)+1>°° _<k:+2>°° _<32§§Z )
n—1/, \k+1)—1 k+1:2_ ko \T7T3727570)
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FIGURE 36. The first 50 terms of the alternating sequence a,, = 1(—=1)"\/n, n > 1.

Yet another example of an explicit formula for a sequence is
(=1)"(Bn+1))>", = (1,—4,7,-11,13,-16,.. ),

while in Figure [36] the sequence

()
n=1
is illustrated.

Another way to define a sequence is by giving a recurrence relation, also known as an
implicit formula. A recurrence relation starts off by specifying the first one or more terms
of a sequence (called the initial values), then provides a general rule for computing the next
term using the values of previous ones. An example would be

Ani1 =4a, — 7, a; =2,
where we obtain
as =4a; —7=4(2)-7=1,
az =4ay —7=4(1) = 7= -3,
ag =4az3 —7=4(-3) - 7= -19,

and so on, generating the sequence (2,1, —3,—19,...).
A rather famous sequence is the Fibonacci sequence, which is defined recursively as

Ap = Qp_1 + Qp_o, ag=0,a;1 =1,
so that
ay=a1+ay=1+0=1,
a3 =as+a,=1+1=2,
ag=a3+a,=2+1=3,
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and in general each term in the sequence is determined to be the sum of the previous two terms,
giving
(0,1,1,2,3,5,8,13,21, 34, 55,89, 144, . ...).

This sequence turns up in nature in all manner of disparate ways, and the terms of the sequence
are called “Fibonacci numbers.”

Example 9.2. Consider the sequence (1,4,9,16,25,...). Find an explicit formula for the nth
term of the sequence, and also find a recurrence relation that generates the sequence.

Solution. We can rewrite the sequence as
(12,2%,32, 4% 5%, ..,
from which it becomes clear that the explicit formula is a,, = n?.
Finding a suitable recurrence relation may take a bit more reflection, but the idea is that
each term in the sequence is the square of a number 1 greater than the number squared in the
previous term, and so

2
a1 = (Va, +1)°, ap=1
is the recurrence relation. |

We now define various properties that sequences may possess that can sometimes be useful
in the course of studying them.
Definition 9.3. A sequence (a,)>2,, is decreasing if a,+1 < a, for alln > m, and nonin-
creasing (or monotone decreasing) if a,.1 < a, for all n > m. Similarly, the sequence is
increasing if a,1 > a, for alln > m, and nondecreasing (or monotone increasing) if
Api1 > ay for alln > m. A sequence that is either nonincreasing or nondecreasing is called
monotone.

Note that a decreasing sequence is also necessarily nonincreasing, and an increasing sequence
must also be nondecreasing.

Definition 9.4. A sequence (a,,);>,, is bounded if there exists some o > 0 such that |a,| < «
for alln > m.

A sequence (a,) is unbounded if it is not bounded, meaning for every o > 0 there can be
found some integer N for which |ay| > «. If there exists some o > 0 such that a,, < « for all n,
then « is an upper bound for (a,), and we say (a,) is bounded above. If a,, > « for all n,
then « is a lower bound for (a,), and we say (a,) is bounded below. Note that a sequence
is bounded if and only if it is both bounded above and bounded below.

Example 9.5. Show that the sequence
an, :2n2—3n+4, n > 1.

is increasing and unbounded.
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Solution. For any n > 1 we have
np1 =2n+ 1) =3n+1)+4=2n*-3n+4)+(@dn—1)=a, + (4n — 1) > a,,

where the inequality is justified since n > 1 implies that 4n — 1 > 0. Therefore a,, 11 > a, for all
n > 1, and the sequence is increasing.

To show unboundedness it may help to perform a completing the square maneuver to obtain

2( 3>?+23

ap, =2\n—— —.

4 8

Now, the sequence b, =n — % is clearly unbounded for n > 1. We show this nonetheless. Let
a > 0 be arbitrarily large, and suppose N is an integer such that N > o + %. Then

bN:N—§><C¥+§>—§:Oé,

4 4 4
and we conclude that for any o > 0 there exists some integer N such that by > «. Finally, since
23
n — 2b2 o
a T 3
it is clear that (a,) is itself unbounded. [ |

Example 9.6. Show that the sequence

_n—|—1
Cn—1

an, n>2

is decreasing and bounded.

Solution. We demonstrate that the sequence is decreasing with a chain of equivalencies: for
n > 2,
n+2 n+1

U1 <y & —— < & (n—1)(n+2) <n(n+1)

o nP4n—-2<n’+n & —-2<0.

The argument is made by running through the steps backwards.
For boundedness we first note that, since the sequence is decreasing, we have

Qg > A3 > Ag >+ -+,

and hence ay = 3 is an upper bound for (a,),. As for a lower bound, it is clear that a,, > 0
for all n > 2, and so 0 is a lower bound. In fact, 1 is also a lower bound since

1
"+1>1 o n4lsn—1 & 1>-1

a,>1 <
n_

for all n > 2. The sequence is thus both bounded below and bounded above, and therefore is
bounded. ]
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In the example above we found that 3 is an upper bound for

n+1
n—1’
and since one of the terms in the sequence is 3, there can be no upper bound that is lower than
3. For this reason we call 3 the least upper bound for the sequence. Somewhat less obvious is
that 1 is the greatest lower bound for the sequence. The notions of least upper bound (or
supremum) and greatest lower bound (or infimum) were introduced in the context of sets
of real numbers in Chapter 1. In the present context the set in question is the range of the
function n — a,, for n > 2.

an n>2,
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9.2 — THE LIMIT OF A SEQUENCE

Sequences, like functions, can have a limiting value—which should hardly be surprising since
sequences are functions of a specific kind.

Definition 9.7. A sequence (a,) is said to be convergent if there is some L € R with the
following property: For each € > 0 there exists some N € Z such that |a, — L| < € whenever
n> N. We write a, — L or

lim a, = L,
n—oo

and say (a,) converges to L (or has limit L). A sequence that is not convergent is divergent.

Definition 9.8. We define lim,,_.o, a, = 0o to mean that, for any o > 0, there exists some
N € Z such that a, > o whenever n > N. Similarly, lim,_,., a, = —o0 means that, for any
a > 0, there exists some N € 7 such that a, < —a whenever n > N.

It’s easy to see that if lim,,_,, a, equals oo or —oo, then (a,) cannot be convergent. There
is a natural connection between limits of functions of a real variable (defined on intervals in R)
and limits of sequences (defined on subsets of Z) which the following theorem makes clear.

Theorem 9.9. Let f be a function, and suppose there exists some N € 7 such that [N, 00) C
Dom(f) and f(n) = a, for all integers n > N. Iflim, o f(x) = L for some L € [—o0, 0],
then lim,,_,~ a,, = L.

Proof. Suppose that lim, ., f(z) = L, and assume for now that —co < L < co. Let € > 0.
Then there exists some [ > 0 such that > § implies |f(z) — L| < €. Let Ny be any integer
greater than 3, and choose N = max{Ny, Na}. Suppose that n > N. Then

|an — L[ = [f(n) — L| <€

since f(n) = a, for n > Ny and |f(n) — L| < € for n > Ny > (. Therefore lim,,_,, a, = L.
Now assume L = oo, so lim, .o f(z) = o0o. Let @ > 0. Then there exists some
B > 0 such that f(z) > a for all z > 8. Let Ny be any integer greater than 3, and choose
N = max{Ny, No}. Then for any n > N we have a, = f(n) > a and we conclude that
lim,, .o a, = co. The argument is similar if L = —o0. |

Example 9.10. Find the limit of the sequence

(ln(l/n) )OO

n

or determine that the sequence diverges.

Solution. Here we have a,, = In(1/n)/n for n € N. Define a function f by f(x) =In(1/z)/x
for all x € (0, 00).
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We now endeavor to evaluate the limit lim, .., In(1/x)/x. First notice that the limit has the
form oco/oc0. Since In(1/z) and x are differentiable on (0, 00), and (z)’ = 1 # 0 for all € (0, 00),
we can use the left-hand version of L’Hopital’s Rule here. From

T L CV0) el VL

= 0
T—00 (SL’)/ z—oo |
we obtain (1
tim 20/
T—00 T
by Theorem 7.34, and so since a,, = f(n) for all integers n > 1, by Theorem we determine
that lim,,_, a, = 0 as well. [ |

Because of Theorem we can in practice work out many sequential limits just as if they
were limits of functions defined on intervals in R. As long as there can be found an integer N
and a function f defined on [N, c0) such that f(n) = a, for all n > N!

Example 9.11. Find the limit of the sequence
an = V3n2 +19n + 20 — V/3n2 + 4n,

or determine that the sequence diverges.

Solution. It’s readily seen that the function

f(z) = V322 + 192 + 20 — V322 + 4a

is such that f(n) = a, for all n > 1, so we can treat the sequential limit lim,, . a,, in the same
manner as the limit lim, ., f(z):

V3n? +19n +20 — v3n? +4n V30 +19n 420 + V3n% + 4n)

lim a, = lim (

n—o0 n—00 1 V3n2 4+ 19n + 20 + v/3n2 + 4n
(3n? + 19n + 20) — (3n? + 4n) _ 15n + 20
= [1m = 111m
n=%0 4/3n2 +19n + 20 + V/3n?2 + 4n n> /302 + 190 + 20 + /3n? + 4n
, 15n + 20 1/n
= lim .
n—00 \/3n2 + 190+ 20 + /3n2 +4n 1/n
, 15 +20/n 15 5/3
= lim = =
n=oo \/34+19/n+20/n2+/3+4/n  2V3 2
Therefore (a,) converges to 5v/3/2. [

One might wonder whether Theorem is the final word when it comes to evaluating
sequential limits. The difficulty is that there are some sequences (a,,) for which there cannot be
found a function f and an integer N such that [N, 00) C Dom(f) and f(n) = a, for all n > N.
So it is worthwhile developing more tools that should help with evaluating sequential limits
directly.

The next proposition makes clear that the limiting value of a convergent sequence is not
altered by making changes to a finite number of its terms.
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Proposition 9.12. If a sequence (a,) converges to L, then adding or subtracting a finite number
of terms to or from (a,) will result in a new sequence that also converges to L.

Proof. Suppose (a,) converges to L. Adding m terms to (a,), or subtracting m terms from
(@), results in a new sequence (b,) which, with proper reindexing, is such that b, = a, for all
sufficiently large n, and thus

lim b, = lim q,, = L.
n—oo n—oo

Remark. The above proposition, together with the technique of reindexing demonstrated in
the previous section, implies that just about any general result found to be true for a sequence
of the form (a,)2, is also true for a sequence of the form (a,)>2,, with m # 1. In these
notes the approach will be to prove results for (a,)—where the first value of the index n is
unspecified—whenever feasible. But sometimes a definitive first value of n is necessary to make
clear arguments, in which case working with sequences of the form (a,)22, will be preferred.

Occasionally, however, we will set m = 1 to slightly simplify the narrative.

There are laws of sequential limits that look much the same as the laws of limits for functions
defined on an interval.

Theorem 9.13. Let (a,) and (b,) be sequences, and let L, M € R. If a, — L and b, — M,

then
1. lim ca, = cL = c lim a, for any ce R
n—oo n—oo
2. lim (a, £b,) = L+ M = lim a, + lim b,
n—00 n—00 n—00
3. lim a,b, = LM = lim a, - lim b,
n—0o0 n—oo n—oo

lim a,

. (07% o L __ n—00 .
4. nh—glo b "M Imb provided that M # 0

n—oo

Also there is a Squeeze Theorem for sequential limits.

Theorem 9.14 (Squeeze Theorem). For sequences (ay), (by), and (c,), suppose there exists
some N € 7Z such that a, < b, < ¢, foralln > N. If

lim a, = lim ¢, = L
n—oo n—oo

for some L € [—o0, 0], then lim,_,o, b, = L as well.

Note that the L mentioned in the theorem may be —oo or co. The proof of the theorem will
consider L € R and L = oo, and leave the case when L = —oo to the reader.

Example 9.15. Find the limit of the sequence
— T

by

b

or determine that the sequence diverges.



220

Solution. Let a,, = 2/n? and ¢, = 4/n% For all n > 1 we have

2 3+ (—=1)" 4
anzﬁgbn:Tgﬁ:Cna
where
. .2 . 4
lim a, = lim — =0 and lim ¢, = lim — = 0.
n—00 n—00 77/2 n—00 n—00 n2
Thus we conclude that 5 .
lim b, = lim L2_>=0
n—o0 n—o00 n
by Theorem m That is, (b,) converges to 0. [ |

The factorial function

n el = (1)(2)(3)- - (n - 1)(n)

arises frequently in problems involving sequences. It grows very fast. Indeed “factorial growth”
is faster than any kind of exponential growth, so that in particular n!/n? — oo as n — oo for
any constant exponent p > 0. To show this we first prove the following.

Proposition 9.16. If lim, . a, = 00 and lim,_,o b, = L for some L € (0,00), then

lim a,b, = oco.
n—oo

Proof. Suppose lim,_, a, = 0o and lim,,_,o b, = L for some L € (0,00). Let o > 0. Since
L > 0 and a,, — oo, there exists some integer N; such that a, > 2«a//L for all n > Nj. Since
L/2 > 0 and b, — L, there exists Ny such that |b, — L| < L/2 for all n > Ny, which implies
that b, > L/2 for all n > N,. Let N = max{Nj, N2}, and suppose n > N. Both a, > 2a/L
and b, > L/2 hold, and therefore

b= 20 L
apby, > — = =a.
L 2
By Definition [9.8 we conclude that a,b, — oo as n — . [ ]

Example 9.17. Let p > 1 be an integer. Show that

Solution. We have

Z_;:(n_p>!_<n—(?Jz—l)xn—(5—2))._(71;2)(71;1)'
o= (=)= ) ()

and b, = (n — p)!. Since b, > n — p for all n, and lim,,_,..(n — p) = 0o, the Squeeze Theorem
implies that lim,,_,, b, = co. On the other hand an easy extension of Theorem m(ii) gives

lim an:<lim w)(lim w)(hm n_2><lim n- 1>: 1.
n—o00 n—00 n n—oo n n—00 n n—00 n

Let
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Therefore

.onl .
lim — = lim a,b, = ©
n—oo NP n—o00

by Proposition [9.16]| ]
Theorem 9.18. Fvery convergent sequence is bounded.

Proof. Suppose (a,)$°, converges, so lim,,_, a, = L for some real L. Employing Definition
9.7| with € = 1, it follows there exists some integer N such that |a, — L| < 1 for all n > N, and
thus by the Reverse Triangle Inequality (see §1.6) we find |a,| < |L| + 1 holds for n > N. Now,
if we set

= max{|a1|a |a2|7 ) |aN|}7

then we have |a,| < a for 1 <n < N, and hence |a,| < a+|L|+1 for all n > 1. Therefore (a,,)
is bounded. |

Thus, as we saw in Example [9.17] if a sequence is not bounded then it cannot be convergent.
The converse of this theorem is not true in general; that is, if a sequence is bounded, it does not
necessarily follow that it is convergent. However, a bounded sequence that is also monotone has
a happier ending.

Theorem 9.19 (Monotone Convergence Theorem). Every bounded monotone sequence is
convergent.

Proof. Suppose that (a,), is a bounded monotone increasing sequence. Then the set
{a, : n > m} C R has an upper bound, and so by the Completeness Axiom it has a least upper
bound o € R. Now, let € > 0. Then there exists some N > m such that ay > o — €. Since
(a,) is monotone increasing with upper bound «, it follows that « — € < a,, < a for all n > N,
and therefore |a,, — a| < € for all n > N. This shows that lim,,_,, a, = « and therefore (a,,)
converges.

Next suppose that (a,)2,, is a bounded monotone decreasing sequence. Then (—a,,)>2,  is
a bounded monotone increasing sequence, so that lim, ,(—a,) = L for some L € R by the first

part of the proof, and then lim,,_, a, = —L by Theorem [9.13(1). Therefore (a,) converges. W

The details of the proof of the Monotone Convergence Theorem actually deliver a stronger
result which is sometimes useful.

Corollary 9.20. Let (a,)22,, be a bounded sequence. If (a,) is monotone increasing, then
a, — sup{a, : n > m}; and if (a,) is monotone decreasing, then a, — inf{a, : n > m}.

Example 9.21. Let (a,)%, be the sequence given by the recurrence relation

Qpi1 = Zan +1, ag=0.

Show that the sequence is bounded and monotone, and find its limit.



222

Solution. By inspection it can be seen that the terms of the sequence must all be nonnegative;
that is, a,, > 0 for all n > 0. Also, since ag =0, a1 =1, as = ;Z, az = i’—g, it seems plausible that
the sequence is monotone increasing (i.e. nondecreasing). In fact, since

3
pi1 > Ap < Zan—i-lZan &S oa, <4 (9.1)

for any n > 0, we can conclude that (a,) is monotone increasing if we can show that a,, < 4 for
all n.

Clearly 0 < ag < 4, since a9 = 0 is given. For arbitrary n > 0 suppose that 0 < a,, < 4.
Then

3 3
Cln+1:1an+1§1<4)+1:4
and
3 3
an+1:Zan—|—12£—l(0)+1=1>0,

so that 0 < a,1 < 4. By the principle of induction we conclude that 0 < a,, < 4 for all n > 0,
and therefore (a,) is a bounded sequence. Then, since a, < 4 is true for all n, by we
conclude that a,.1 > a, is also true for all n, and hence (a,) is monotone increasing,.

Next, since (a,) is a bounded monotone sequence, the Monotone Convergence Theorem
implies that (a,) converges to some o € R. This is to say that lim, ,, a, = «, and thus
lim,, o ap11 = « also, and so

3 3 3
an+1:Zan+1 = Ji_)rgoanﬂzlim(za,ﬁ—l) = oz:ZoH—l = a=4.

n—o0

That is, the sequence (a,) has limit 4. |

oo
n=m

is a sequence (a,, )5, such that

Definition 9.22. A subsequence of (a,)
m<ng <ng <ng<---

holds. If limy_, an, = L for some L € R, then L is called o subsequential limit of (a,)>,,.

If m =1 (as it usually is), then the definition requires the values ny to be such that n; > 1

and ng,q > ng for all £ > 1. This readily implies that ny > k for all k£, which is a fact we’ll

make use of shortly.
Consider the sequence a, = n?, n > 1,

(an)e2, = (a1,az2,as3,...) = (1,4,9,16,25,36,49, 64, .. .).
We can define a subsequence (a,, )32, by setting n, = 2k for all £ > 1. This gives
an, = agp = (2k)%, k> 1;

that is,
(@ )iy = (Anyy Qnyy Gnyg, - - -) = (a2, a4, a6, . ..) = (4,16, 36,64, ...),

which is the subsequence consisting of the “even-numbered terms” of (a,). Now, if we set
my, = 2k — 1 we obtain
Ay, = A2k—1 = (2]{ — 1)2, k > 1;
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that is,
(A )iy = (Qmys Gy, Gy, - - -) = (a1, a3, as5,...) = (1,9,25,49,...),

which consists of the “odd-numbered terms” of (a,,).

Proposition 9.23. If (a,) is a sequence that converges to L € R, then every subsequence
(an, )52, also converges to L.

Proof. Suppose lim,,_,o a, = L € R. Let (a,, )52, be a subsequence. It must be shown that
limy_y00 Gy, = L.

Let € > 0. There exists some positive integer N such that |a, — L| < € for all n > N.
Suppose that £ > N. Since ny > k > N we obtain |a,, — L| < e.

Therefore limy_,o, a,, = L. [ |

Recall that because of Proposition 9.12| and the possibilities of reindexing a sequence, the
above proposition applies to sequences of the form (a,)52,. for any integer m.

Corollary 9.24. If (a,) has subsequences (a,,) and (a,,) such that

lim a,,, =Ly and lim a,, = Lo
k—ro0 k—ro0

for Ly, Ly € R with Ly # Lo, then (a,) diverges.

Proof. If (a,) does not diverge, then it must converge to some L € R, and then by Proposition
[9.23] we must have

lim a,,, =L = lim a,,,
k—o0 k—o0

a contradiction. [ |

It should also be clear that (a,) must diverge if it has a subsequence that diverges. The next
example should serve to illustrate the utility of these results.

Example 9.25. Show that the sequence
3n
n+1

a, = (—1)"

diverges.

Solution. One subsequence is (ay, )52, with nj, = 2k,

()it = (e = (02 —(G2)

2k+1/,_ 2k+1/,_,
where
. ) 6k 6
lim a,, = lim =_ =
k—oo k—oo 2k 4+ 1 2

Another subsequence is (a,, )52, with my = 2k — 1,

(amy oy = (a2k—1)721 = ((_1)%_1%)& B (_6k2; 3>Oo

k=1 k=1
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where 6k — 3 ¢
Jim i, = Jim =5 = =5 =

Since a,, — 3 and a,,, — —3 as k — oo, we conclude that (a,) must diverge by Corollary
9.24] ]
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9.3 — INFINITE SERIES

Let (a,)22; be a sequence of real numbers. Let s; = a1, $3 = a; + ag, $3 = a1 + az + a3, and

in general
n

Sn=a+aytota, =Y a,
k=1
called the nth partial sum of (a,). With these values we can construct the sequence of
partial sums associated with (a,), which is the sequence (s,)3 ;.

Definition 9.26. We define
2 = Jlim ) ae = lim o,
k=1 k=1

and call Y";° i the infinite series associated with (a,);>, (or simply a series). The
expression ay, is referred to as the kth term of the series.

If Y702 ax = s for some s € R (i.e. s, — s), then we say the series Y ;- a; converges
and call s the sum of the series.

If Y702 ay does not exist in R (i.e. the sequence (s,)52, diverges), then we say the series
> e, ai diverges.

So the symbol Y2 | ax represents the limit of a sequence of partial sums (which may or may
not exist in R), and not actually a “sum” in the conventional sense. More generally a series can
have an index that starts at an integer other than 1: for any m € Z we define

o n

E ap = lim E ag,
n—oo

k=m k=m

which is the infinite series associated with (a,)22, . The terminology changes little: defining
Sp =Y ., a for n > m, if lim,_, s, = s for some s € R, we say the series > ;- a; converges
to s and write > .~ ay = s; otherwise the series diverges. If there is no chance for confusion
it’s often convenient to write > ;- aj as Y a in the interests of saving space. Other times
the symbol > a; will be used in general statements, such as those found in theorems, when the
initial index value (whether it’s 0, 1, or something else) is simply not important.

When we speak here of “adding a term” to a series Y ;-  ay, this will mean designating
some a,,—1 € R and passing to a new series > ;- | aj associated with (a,)>,, ;. Similarly,
“subtracting a term” from ) a; will mean removing a,, and passing to the series Y | ay
associated with (a,)n,. ..

Proposition 9.27. If a series > ay converges, then adding (resp. subtracting) a finite number
of real-valued terms to (resp. from) > ay will result in a new series that also converges.

Thus, for any m > 0, a series > -, ax is convergent if and only if Y ;- a is convergent,
assuming that a, € R for all £ > 0. This proposition is an immediate consequence of Proposition
9.12] and so the proof is left as an exercise for those interested.
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Remark. Proposition immediately implies that altering a divergent series by a finite
number of terms yields a series that is again divergent. Indeed, if it were possible to add a term
to a divergent series > by to obtain a convergent series ) ay, then subtracting the same term
from the convergent series > aj, would result in the divergent series > by—contradicting the
proposition!

An immediate consequence of Theorem is the following.

Proposition 9.28. Let Y ay and by be convergent series, and let ¢ € R. Then the following
hold.

1. > cay is convergent, with

Z cap = C Z Qg .
2. > (ar + bg) is convergent, with

Z(ak + bk) = Zak + Zbk

It is often difficult determining whether a series converges or not, but one kind of series that
can be considered immediately is a so-called telescoping series. This is a series associated
with a sequence (a,,) whose partial sums have terms that largely cancel out.

Example 9.29. Determine whether the series

o0

k+1
Zln 2
k=1 +

converges or diverges.

Solution. For any integer n > 1 we have

n n

E:m(%$%)=§:ﬂmk+U—4Mk+2ﬂ

= [In(2) — In(3)] + [In(3) — In(4)] + [In(4) — In(5)] + - - -
<+ [In(n) —In(n + 1)] 4+ [In(n + 1) — In(n + 2)]
=In(2) — In(n + 2).

Thus the nth partial sum of the associated sequence collapses, or “telescopes,” to become
In(2) — In(n + 2). Now,

o0 n

k—+1 . k+1 _
> () - ,}:ngo;ln(k )= Jm () ~ n(n+ 2 = —oo
which shows that the series diverges. -

Another kind of series that can be easily analyzed is a geometric series, which has the
form Y ;7 ar® for some nonzero constants a,r € R. (Observe that if either a = 0 or 7 = 0 then
the series would simply converge to 0.)
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Lemma 9.30. For any r # 1 and integer n > 0,

T.n+1 -1

Zrkzl—i—r—i—---—l—r”: (9.2)
k=0

r—1

Proof. Let r # 1. Clearly the equation holds when n = 0. Let n > 0 be arbitrary and suppose
that (9.2)) holds. Then

1+T—f—---—i—rn+1:(1+T+---+T”)—|—T”+1

ritt 1 Lt R B A ()
= —— T =
r—1 r—1 r—1

Tn+1—1 +7“n+2—7’n+1
r—1 r—1

rn+2 -1
S
and thus by induction we conclude that (9.2)) holds for all n. |

Note that (9.2)) holds even when r = 0, in which case the summation on the right becomes
Y oreo 0% and it is understood that 0° represents 1.

Proposition 9.31. Let a,r € R such that a,r # 0. If |r| <1, then

> a

E ar® = ;
1—7r

k=0

and if |r| > 1, then the series diverges.

Proof. Suppose that 0 < |r| < 1, which implies that r # 1. Using Lemma [9.30}

00 k_l n k_l T’n+1—1
= i ) ot = S
k=0 k=0
Now, since —1 < r < 1 we have r"*1 — 0 as n — oo, and so by Theorem [9.13((4)
=~ o dimy e (-1 0-1 1
po limy, o0 (7 — 1) r—1 1—7r
Hence the series >, r* converges, so by Proposition [9.28(1) we have
o0 o0 1
arf=ad r*=a- -
l—r 1-—7r
k=0 k=0

as desired.
Finally, if || > 1, then since a # 0 we have

lim ar™ # 0,

n—oo

and so >, ar® diverges by the Divergence Test in §9.4. |
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Example 9.32. Determine whether the series

D 3hgh (9.3)
k=1
converges or diverges.

Solution. We have

= kok+1 — 8kt - 8\"
k=1 k=1 k=1
Now, since
>s(5) 5)
k=0

is a divergent geometric series by Proposition[9.31], it follows from Proposition [0.27)that the series
on the right-hand side of (9.4)—which is the series (9.5 with the zeroth term removed—must
also diverge. Therefore the series (9.3)) diverges. [ |
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9.4 — DIVERGENCE AND INTEGRAL TESTS

We now develop two tests that can be used to determine whether a series converges or
diverges. First there is the Divergence Test, which is often a quick way to spot a divergent
series.

Theorem 9.33 (Divergence Test). If klirn ap # 0, then the series Y ay, diverges.
—00

Proof. Suppose that > a; converges. If s, is the nth partial sum of > ay, then there exists
some s € R such that lim,,_,, s, = s. We also have lim,, ... s,_1 = s. Now, observing that
(p = Sy — Sp—1, by Theorem W(Q) we obtain

lim a, = lim (s, — s,-1) = lim s, — lim s, ; =s—s=0.

n—oo n—oo n—oo n—oo

Thus, if Y ay converges, then lim,, o a, = 0. This implies that if lim,,_,o @, # 0, then > ax
diverges. |

Example 9.34. Determine whether the series

o

1

S
£ 10+3

converges or diverges.

Solution. Here aj, = 1/(10 + 37%), and so since 37% — 0 as k — 0o, we obtain
1 1

T R TIEE ha
Since limy_,o, ax = 0.1 # 0, by the Divergence Test we conclude that the series diverges. [ |

This test will not detect all divergent series, of course. There are plenty of series > ay that
diverge despite the fact that a; — 0, such as the harmonic series > ;- 1/k.

Recall that a function f is nonnegative on an interval I if f(z) > 0 for all z € I, and
nonincreasing on [ if f(x1) > f(z3) whenever x1, 25 € I are such that x; < z.

Theorem 9.35 (Integral Test). Let m € Z, and suppose f is a function that is continuous,
nonnegative and nonincreasing on [m,00). Then Y o f(k) converges if and only if fy:o f(z)dx

COR’U@T’gESEI

Proof. Suppose that f;o f(x)dx converges. Then there exists some a € R for which

b—o0

lim/ f(z)dx = (9.6)

81t might be noticed that this version of the “Integral Test” is a wee bit more general than the version seen in
the textbook; in particular f need only be nonnegative (not positive) and nonincreasing (not strictly decreasing).
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where a > 0 since f:; f(z)dz > 0 for all b > m. If we define the sequence

= /nf(m)dm, n>m,

then implies that (a,)>,, is a sequence that converges to o and therefore by Theorem
it is also bounded. In fact a,)oe., is a nondecreasmg sequence: for each n > m,

Upi1 = / f(x da:—/f dx+/ flz)dz = a, + /nlf(:v)dxzan,
/n " fwyr > 0

since f(z) > 0 for all x € [n,n + 1], and so it is not hard to see that « is an upper bound for

(an)zo:m
Now, certainly f(m) < f(m) + «, and for each n > m,

where

> A= fm)+ D 4= fm) + 3 0+ +§j/ Flk+ 1)
s+ 3 [ st = sy + [ syt = g + o0 < s

This demonstrates that the nondecreasing (hence monotone) sequence

:Zf(k)v nz=m

is bounded: |s,| < f(m) + « for all n > m. By the Monotone Convergence Theorem (s,,)%2,,
converges, which is to say there is some s € R such that lim, ., s, = s. Therefore the series

> oo, f(k) converges.
To show that the convergence of "> f(k) implies the convergence of f ]:im f(z)de, it is

easier to suppose that fnio f(z)dz diverges and then show that »"°  f(k) must diverge. So,
suppose that f:lo f(x)dx is divergent. Letting

b
FO) = [ flalde,

m

this means that lim,_,., F'(b) does not exist in R. Because f(x) > 0 for all x € [m, c0), we find
that F' is a nondecreasing function on [m, co) and therefore by Corollary 2.2 lim,_,., F'(b) = 0.

Let @ > 0. Since .
lim / f(z)dz =
b—o0 m

there is some by > m such that f:l f(z)dz > « for all b > by. Choose ng € Z such that
ng>bp+1>m+ 1. Suppose that n > ng, son > m + 1 and therefore n — 1 > m. Now,

n—1

Zn: fk Z f(k Z /:H fk)da > /:+1 flz)dx = /n f(z)dzr >

m
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where the second inequality holds since f(z) < f(k) for all z € [k, k+ 1], and the third inequality
holds since n > by.

Since a > 0 is arbitrary, it follows that for every o > 0 there exists some integer ng > m
such that > ,_  f(k) > « for all n > ny. Therefore

lim 3 f(k) = oo,
k=m
and we conclude that > 7 f(k) diverges. [ |
Example 9.36. Determine whether the series
k=1
converges or diverges.

Solution. Let f(z) = ze %", which clearly is continuous and nonnegative on [1,0). Now,
fi(x) = (1—62%)e ",

so we have f'(x) < 0 for z > 1/v/6 or & < —1/+/6, which certainly shows that f is nonincreasing
on [1,00) as well. The hypotheses of the Integral Test are therefore satisfied for m = 1.

Making the substitution u = —32, we obtain
[e'S) ) b ) —3b2
re 3% dr = lim re 3% dr = lim ——e"du
1 b—oo [y b—oo J_g

= im [ (= =) = g

and thus the integral [ ze=3"dx converges. Therefore by the Integral Test 370 ke
converges as well. |

—3k2

A p-series is a series of the form
— 1
PR
k=1
where p can be any real number. They arise often and will be handy when making use of the

comparison tests in the next section.

Proposition 9.37. The series

1

2

k=1
converges for p > 1 and diverges for p < 1.
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Proof. Suppose that p > 1. The function f(x) = 1/2P is a continuous, nonnegative and
nonincreasing function on [1,00), so by the Integral Test Y ;- 1/k? converges if and only if
floo 1/2?dx converges. We have

o] b b
/ —dx = lim z Pdr = lim [ xlp}
1 xX b—o00 1 b—o0 —p 1
1 1
= lim —— (blfp 1) = lim —— — — 1
bsoo 1l —p booo 1 —p \ p?
QL( _1):L
1—p p—1

where equality (1) holds since p — 1 > 0 implies that b” ! 5 00 as b — 00, and thus the integral
converges. Therefore Y 7 1/kP converges.
Now suppose that 0 < p < 1. Then f(x) = 1/2P is still continuous, nonnegative and
nonincreasing on [1, 00); however, since 0 < 1 —p < 1, we find that
lim —— (7 —1) =00
b—oo 1 — p
since b ” — oo as b — oo. Thus [{71/2Pdx diverges, and by the Integral Test > 5 1/k?
diverges as well.
What about p = 17 The function f(z) = 1/x still satisfies the hypotheses of the Integral
Test, so, since

1 1
/ —dzr = lim —dr = blim [1In |z ]l{ = lim In(b) = oo,
1 x

€T b—oo 1 — 00 — 00

we conclude that

(called the harmonic series) diverges.
The case when p = 0 is straightforward: since
1 1 .
LR
the series diverges by the Divergence Test.
Finally we come to p < 0: since —p > 0, we find that
1
lim — = lim k7% = oo,
k—oo kP k—o0

so again the series diverges by the Divergence Test. |



233

9.5 — COMPARISON, ROOT AND RATIO TESTS

The Direct Comparison Test enables one to determine whether a series converges or diverges
by comparing it to a series that is already known to converge or diverge.

Theorem 9.38 (Direct Comparison Test). Suppose there exists some ko € 7Z such that
0 <ap <bg for all k > k.

L If Y702y, be converges, then ) ay converges.
2. If Zzozko ay diverges, then > by diverges.

Proof. Suppose there is some integer kg such that 0 < ap < by for all k > k.
To prove part (1), suppose that Y~ by converges, so there exists some ¢ € R such that
Zzozko b, = t. Now, since b, > 0 for each k > kg, the sequence

zn:bk, TLZI{?O

k=ko

is monotone increasing, so t must be the least upper bound for

(22
k=ko n=ko

by Corollary [9.20l Thus, recalling that a; < by for each k£ > kg, we obtain

0< Xn:akgzn:bkgt

k=ko k=ko

for each n > ky. It’s now seen that the monotone increasing sequence

n 0o
k=ko n=k

is bounded, and therefore by Theorem this sequence converges. So, there is some s € R

such that
(@) n
pr— 1' pr—
Dok =lim 3o =s,

k=ko k=ko

0

which shows that the series Z;’;ko ay is convergent and hence, by Proposition , the series
> ay, converges. This proves (1).

Part (2) is equivalent to the statement “If ) by converges, then )72 a; converges,” so
suppose that > b converges. The series E;‘;ko br is obtained from > b, by adding (resp.
subtracting) at most a finite number of terms to (resp. from) > by, so by Proposition
Ziiko br also converges. Hence ) aj converges by part (1), and Proposition implies that
> ek, Qi CONVErges.
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Example 9.39. Use the Direct Comparison Test to determine whether the series

i 2k +5
3 2
£~ 5k3 + 3k

converges or diverges.

Solution. For any k¥ > 1 we have 2k + 5 < 2k + 5k = 7k, and from 5k3 + 3k% > 5k® we obtain
1 1
<
5k3 + 3k2 — 5k3
Now, combining this result with 2k + 5 < 7k yields
2k +5 Tk Tk 7 7
< < < = <
— 5k3 4+ 3k2 — B5k3 +3k%2 — Bk3  Bk2 — k2
for all k > 1. By Proposition [9.2§|1), since "7, 1/k? is a convergent p-series we have

dE =T
k=1 k=1
and so Y, 7/k? is also a convergent series. Therefore
i 2k 45
3 2
p 5k3 + 3k
converges by the Direct Comparison Test. |

Theorem 9.40 (Limit Comparison Test). Let > ay and Y _ by be series such that a, by > 0
for all k, and let limy_, o ax /by = L.

1. If L € (0,00), then Y ax and ) by either both converge or both diverge.

2. If L =0 and >_ by converges, then »_ a), converges.

3. If L =00 and _ by, diverges, then > ay diverges.

Proof. Suppose that L € (0,00). Since L/2 > 0 and limy_, ar/br = L, there exists some
ko € Z such that k > ko implies that |ay /b, — L| < L/2. Thus for any k > ky we have

L Qg I L

5 <3 " L<3%
which implies
0< £ < % < %
2 b 2
and finally
0<§bk<ak<%bk

since by > 0. Now, if Y by diverges, then Y (L/2)b; diverges also, and since 0 < (L/2)by < ay,
for all & > kg the Direct Comparison Test concludes that > ay diverges. If > by converges, then
> (3L /2)by, converges also, and since 0 < ay < (3L/2)by, for all k > kg the Direct Comparison
Test concludes that > aj converges. Therefore ) a; and ) by either both diverge or both
converges if L € (0,00).



235

Next, suppose that L = 0 and ) by converges. Since limy_,, ar /b = 0, there exists some
ko € Z such that k > ko implies that |ay/bx| < 1, where
|ag|
m<1 = ag| < |bx] = 0<ar <bg
k
since ay, by > 0. Because 0 < a; < by for all & > ko and ) by converges, by the Direct
Comparison Test > ay also converges.
Finally, suppose that L = oo and ) by diverges. Since limy_,« ay /by, = 0o there exists some
ko € Z such that k > ko implies that |ay/bx| > 1, where

%>1 = Jag| > bx]| = ar>br>0

k

since ag, by > 0. Because 0 < by < ay, for all & > kg and ) by diverges, by the Direct Comparison
Test > ay also diverges. [ |

Example 9.41. Use the Limit Comparison Test to determine whether the series

= 7k3—3
4
11

converges or diverges.

Solution. As k grows very large the constant terms in the fraction become negligible, so that its
value is very nearly equal to 7k*/k* = 7/k. Since >_ 1/k is known to diverge by Proposition[9.37]
we might guess that the given series diverges as well and attempt to use the Direct Comparison
Test to prove it. However, constructing a winning string of inequalities to make this feasible is
not necessarily easy to do. So, we use the Limit Comparison Test, with Y a; being the given

series and ) by, being Y 1/k. We evaluate L:
a <7k3—3 . 1) CTK =3k T—3/k

e by, Foo Koo KA + 11

1l k T kb T+ 11/KE

Hence L = 7 € (0,00), and so it follows from part (1) of the Limit Comparison Test that
Sore (TK? — 3)/(k* 4+ 11) diverges. [ |

Example 9.42. Use the Limit Comparison Test to determine whether the series

S sin ()
k
k=1
converges or diverges.
Solution. Since '
. sinx
lim =1
x—0
by Lemma by Proposition [2.29| we obtain
lim S2/7)

Z—00 1/x
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Then, letting ay = sin(1/k) and by, = 1/k for integers k > 1, Theorem [9.9| implies that

i % gy SRR sin(l/z)

=1 0 .

We have L =1 € (0,00), and since the series > 1/k diverges it follows from part (1) of the
Limit Comparison Test that > ;- sin (1) also diverges. |

A series Y ay is said to converge absolutely (or be absolutely convergent) if the series
> |ag| converges. With the Direct Comparison Test we'’re in a position to prove the following
useful result, which says that absolute convergence implies convergence.

Proposition 9.43. If Y |ax| converges, then > a) converges.

Proof. Suppose that > |ax| converges, so > |ax| = s for some s € R. Then »_ 2|ax| = 2s by
Proposition [9.28|(1), so > 2|ay| converges also. Now, for each k we have |ay| = as. If a; > 0,
then |ax| = ax and we obtain

0< |ak] +a = 2’CLk‘.
If ar, < 0, then |ay| = —ay and we obtain
0= |ak| + ag S 2]ak|.

Hence
0 < ak| + ar < 2|ag]

for all k, and since ) 2|ay| converges, by the Direct Comparison Test » (|ax|+ ax) must converge;

that is,
Z(|akl + ak) =t
for some t € R.

Finally, since ) |ax| and > (Jax| + ax) are convergent series with »|ax|] = s and
> (Jak| + ar) = t, by Proposition [9.28|(2)

Zak:Z[(|ak|+ak)—|ak|]:Z|ak|+ak Z|ak|—t—s€R

which shows that ) a; converges. |

It is a curious fact that most calculus textbooks give versions of the Root and Ratio Tests
that are weaker than they have to be. So, here is where these notes come especially in handy,
for here will be presented what are almost—but not quite—the strongest versions of these very
important tests for infinite series convergence.

Theorem 9.44 (Root Test). Given the series Y ay, let p = klim \/ |ag].
—00

1. If p€[0,1), then >_ |ax| converges.
2. If p € (1,00], then > ay diverges.
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Proof. Suppose that
lim {/|ax| = p (9.7)

k—oo

for some p € [0,1). Let § > 0 be sufficiently small so that » = p+ ¢ < 1. Then there exists some
integer ky > 0 such that

0</|ax] <r<1

for all k > ko, whence 0 < |ag| < r* for all k > ky. Since 0 < r < 1, Y reo r* is a convergent
geometric series by Proposition , SO Zzozko r* converges by Proposition and then the
Direct Comparison Test implies that > |ax| converges.

Now suppose that holds for some p € (1,00). Let § > 0 be sufficiently small so that
r = p—20 > 1. Then there exists some integer ky > 0 such that W > r for all k& > ko,
which implies that |ay| > r* for all k > ky. Now, since r > 1 we have lim;_,, 7¥ = 0o, whence
limy oo |ax| = 0o and so limy_,o ax, # 0. Therefore > a;, diverges by the Divergence Test. M

What is stronger about this version of the Root Test is that, unlike the book, the terms ay
of the series are not required to be nonnegative. That is, it is permissible to have a; < 0, which
means the test can be applied to quite a few more series! What has not changed is that if p =1
then the test is inconclusive, but it is not necessary to spell this out in the statement of the
theorem.

Example 9.45. Use the Root Test to determine whether the series

o0

S (Vi Vi)’

k=1

converges or diverges.

Solution. Here we have

fim [ VE— VE=1] = Jim (VE—vE—T)

k—o0 k—o0

i (\/E—\/k—l \/E+\/k:—1)

k—o0 1 . \/E +vk—-1
. k—(k—-1) . 1
=lim ————=Ilim ———— =0
k—oo k- Vk —1 koooE4+VE— 1
Since p = 0 < 1, the Root Test concludes that the series converges. ]

Theorem 9.46 (Ratio Test). Given the series Y ay for which ar = 0 for at most a finite
number of k values, let p = klim lag11/ak|.
—00

1. If p€[0,1), then >_ |ax| converges.
2. If p € (1,00], then Y ay diverges.
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Proof. Suppose that limy_,« |ax+1/ar| = p for some p € [0,1). Let 6 > 0 be sufficiently small
so that 7 = p+ 6 < 1. Then there exists some integer ky > 0 such that 0 < |agy1/ax| <7 <1
for all £ > kg, so that

’ak0+1’ < r’a%’?
|apgto] < Tlangs| < r?lag,],
|pgt3] < Tlangra| < rPlag,],

and in general,
| < 7 ag|

for all £k > 0. From this we obtain

0 < fa] < Jagy o = ©8)

for all k > k.

Since |ay,|/r* # 0 and 0 < r < 1, Proposition implies that
- |ak0| k
Z rko "
k=0
is a convergent geometric series, and thus so too is Y ", (Jak,|/r™)r" by Proposition W
Hence, in light of , the Direct Comparison Test implies that > |ax| converges.

Now suppose limy_,o |ag+1/ax| = p for some p € (1,00]. Let § > 0 be sufficiently small so
that 7 = p— 0 > 1. Then there’s some integer ky > 0 such that 1 < r < |agsq/ag| for all & > ko,
so that

’ak0+l| > r’a%’?
’ako+2| > T|ako+1| > TQ‘ak()'a

’Gk0+3| > r’ak0+2| > rs‘a’m'a

and in general,
|+ > k| > 0

for all £ > 0. From r > 1 and |ag,| > 0 we have limy_,o 7*|ag,| = 0o, so that limy_,s |ag, 1] = 00
and we obtain limy_,., ar # 0. Hence > a; diverges by the Divergence Test. [ |

Remark. Given Proposition [9.43) whenever part (1) of the Ratio Test or Root Test is used to
conclude that " |ag| converges, it immediately follows that " ax converges as well.

Some books present a version of the Ratio Test which maintains that the terms of a series
> a, must be positive, which is an unnecessarily restrictive hypothesis. All that is needed is to
require that the terms a; be nonzero for all but (at most) finitely many values of the index k,
as reflected in the statement of the Ratio Test above. If there are at most finitely many terms
ay equalling 0, then there will exist some integer ko such that a; # 0 for all k£ > kg, and thus
there need be no worries that ay/ax,1 will be undefined due to division by 0.
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Example 9.47. Use the Ratio Test to determine whether the series
- 15

2k+1
— (k+1)42k+

converges or diverges.

Solution. We evaluate limy o |ap.1/ax| for a = 15%/[(k + 1)4%+1]:

p = lim Bt ] _ = lim (a1 -
k—o0 ag k—oo ak
) 15k+1 (k + 1)42k+1
= lim .
koo | (ke + 2)42k+3 15+
. 15(k+1) . 15k+15 15
=lim —L=1lim — = —.
k—00 (/{3 —+ 2)42 k—oo 16k + 32 16
Since p = 15/16 < 1, the Ratio Test concludes that the series converges (absolutely). [ |

Example 9.48. Use the Ratio Test to determine whether the series

=, (k)2
2 (2k)!

k=1

converges or diverges.

Solution. Here we have

o= i |42 = tim v

i [EADD @R (k4 DIk 1) (2K)!
Wlii‘( 2+ D) (2| ke 2k KA
i PR -RIEED) R (k +1)?

koo 2K)(2k + 1)(2k +2)  KlkI koo (2 + 1)(2k + 2)
K +2k+1 1

T ke A2 4Ok +2 4
Since p = 1/4 < 1, the Ratio Test concludes that the series converges (absolutely). [ |

Example 9.49. Use the Ratio Test to determine whether the series

[ee]
Z e k!
k=1

converges or diverges.

Solution. Here we have
—(k+1) -k, —17.
Q41 i )k +1)! g € k:.(k—i—l):h kE+1

k—o0 _kk’| k—o0 e_k]{}! k—o0 e

p = lim

k—o0

Qg
Since p = oo, the Ratio Test concludes that the series diverges. |
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9.6 — ALTERNATING SERIES

If (by) is a sequence such that by > 0 for all k, then a series of the form

D=1k or Y (=1

is called alternating. Thus, the terms of an alternating series alternate between positive and
negative values. An easy example is the series

o

f1 L

k=1

which it known as the alternating harmonic series. Less obviously alternating is

(o)

cosk
Yo (9.9)
e
but notice that cosm = —1, cos 27 = 1, cos 37 = —1, and in general cos kw = (—1)¥, so in fact
can be rewritten as
- 1
(1) —=.
2

The foremost tool for determining whether an alternating series converges or not is the following.

Theorem 9.50 (Alternating Series Test). If (by) is such that 0 < by1 < by for all k and
limyg .o by = 0, then the series
Z(_1>k+lbk

CONVETGES.

The proof is pending, but first notice that the test applies equally well to the series > (—1)¥by;
that is, if the test concludes that S (—1)%*'b; converges, then by Proposition [0.28(1) we have

(D7) (D) =D (=D T (=DM = (= 1)k,
and so it can be concluded that
> (=1

converges as well.

Example 9.51. Determine whether the series

[e.o]

1/k
-1 o S
(-1

k=1

converges or diverges.
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Solution. Here we have b, = el/k/k for £ > 1. Clearly b, > 0 for all £ > 1. To use the
Alternating Series Test to establish convergence, we must show that by < by, for all £ > 1 (i.e.
{br} is a nonincreasing sequence) and limy_,, by, = 0.
First the limit. From limj_,o, 1/k = 0 and lim_,. /¥ = ® = 1 we obtain
1/k 1 1k
Ji by = Jig S = i - Ji % =0-1=0,

Next, observe that for each & > 1 we have 1/(k + 1) < 1/k, which implies that e!/*+1) < ¢l/k
since the exponential function is strictly increasing on its domain. As a result we obtain

61/(k+1) 1 1
o _ Ly o Lk
FET TR T O
and so 0 < b1 < b for all k£ > 1.
Therefore, by the Alternating Series Test, the series Y oo, (—1)*el/* /k converges. [ |

Example 9.52. Determine whether the series
- k2 —4
S Von o S

converges or diverges.

Solution. To use the Alternating Series Test to establish convergence, we first need to establish
that the sequence

b = (K* = 4)/(k* = 8), k>3,
is such that 0 < bgyy < by for all £ > 3. There are several ways to do this, but the direct
approach will be taken here. To commence, observe that
kKR -4  (E-2)(k+2) k42
B -8 (k—2)(kK2+2k+4) k2+2k+4
which makes clear that b, > 0 for all k£ > 3. Moreover, we have the chain of equivalencies

(k+1)+2 < k42 N k+3 < k+2

(k+1)2+2k+1)+4 ~ kB2+2k+4 K2+4k+7 — k2 4+2k+4
& (k+3) (K +2k+4) < (k+2)(k* +4k +7)

by,

b1 < by &

& 5k2+ 10k + 12 < 6k® + 15k + 14
& K45k +2>0,

and so since k? + 5k 4+ 2 > 0 is obviously true for k > 3, it follows that by, < by, is true for
k> 3.
The next thing to establish is that limy_ .o, by = 0, but this is easy:
k> —4 . kKr—4 1/K? . 1/k—4/k*  0-0

Jm by = lim g5 = lim e N/ ==y
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Therefore, by the Alternating Series Test, we conclude that

o0

k? —4
-1 k+1v — *
> (D

k=3
converges. |

To prove Theorem [9.50] we first need the following result.

Lemma 9.53. Given a sequence (a,)2y, let s, =Y ;_, ay. If there is some s € R such that

Sop — S and So,—1 — S as n — 00, then the series Zzozl aj converges to s.

Proof. Suppose that ss,, So,_1 — s as n — oo for some s € R. By definition

oo n

g ar = lim g ar = lim s,,
n—oo n—oo

k=1 k=1

so the objective is to show that lim,, , s, = s.

Fix € > 0. Since lim,,_,, So,, = s, there exists some integer N such that |ss, —s| < € whenever
n > Nj. Also, since lim,_,o S2,—1 = s, there exists some integer No such that |sq,—1 — s| < €
whenever n > Ny. Let N = max{2/N;,2N, — 1}, and suppose that n > N.

If n is even, then n = 2m for some m € Z, so that

n>N = 2m>2N; = m > Ny,
and we obtain
|sn — s| = [sam — s| < e.

If n is odd, then n = 2m — 1 for some m € Z, so that

n>N = 2m—1>2Ny,—1 = m > N,

and we obtain

|sn — s| = |sam-1 — 5] < €.

Since |s,, — s| < € for n > N, we conclude that lim,_,., s, = s. Therefore Zzozl ar=s. N

In the following proof we’ll assume that the series in Theorem [9.50] is specifically of the form

[e.9]

Z(_1>k+1bka

k=1
since the structure of the proof is unchanged if the series is given as

o0

Z(_Dk—f—lbk

k=m

for any integer m # 1.
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Proof of the Alternating Series Test. Suppose (by)52; is such that 0 < by < by, for all k
and limy_,o by, = 0. Setting aj, = (—1)**1b;, we find that, for each n > 1,

2n
Sop - = E ak:a1—I—a2+a3+a4—|—~--—|—a2n_1+a2n
k=1

= (b1 = b2) + (bs — ba) + -+ - + (b2n—1 — b2n) (9.10)

= b1 — (b = b3) = (ba — b5) — -+ — (b2n—2 — b2n—1) — ban. (9.11)

From (9.10) it should be evident that sy, > 0, since by — b1 > 0 for all k; and from (9.11]) it
can be seen that s, < by, since

by — b3,b4 — b5, ..., b2y 2 —by1 >0

and by, > 0. So the sequence (s2,)22; = (S2, 84, S¢, - - .) is bounded. Morever (sy,) is monotone
increasing:

2n 2n—2
Sop = E a = E ag + (agn—1 + a2,) = Son—2 + (ban—1 — ban) > Son_2,
k=1 k=1

and so by the Monotone Convergence Theorem there is some s € R such that

lim sy, = s. (9.12)

n—oo

As for the sequence (s2,-1)5; = (s1, 83, S5, - - .), we have

lim s9,—1 = lim (s9, — ag,) = lim (s, + bop) = lim sy, + lim by, = s, (9.13)
n—00 n—00 n—00 n—00 n—00
where
n—oo

follows from lim,,_,, b, = 0 by Proposition [9.23]
From (9.12)) and (9.13]) we conclude by Lemma that lim,, ,, s, = s, and therefore

Z(—l)k“bk = lim Z(—l)k+1bk = lim s, = s.
That is, the series converges. |

Let >"p2 (—1)*"1b; be a convergent alternating series, so that

o0

S (=) =s

k=m

for some s € R. If
Se= S (-1,
k=m

for each n > m (where m is usually 0 or 1), then the absolute error in approximating s by s, is

R, =|s — s,
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and is called the nth remainder for the series.

Theorem 9.54 (Alternating Series Estimation Theorem). If Y (—1)*"1b; is a convergent
alternating series such that 0 < by < by for all k, then R, < b,y1 for all n.

Proof. Suppose that

o0

Z(_l)k+1bk — 3

k=1
for some s € R, and 0 < bgyq < by for all £ > 1.
Let n > 1 be an odd integer. Then

Spn+1 = Sn — bn+1 S Sn

shows that
Sn41 S Sn4m S Sn (914)

in the case when m = 1. Let m > 1 be arbitrary and suppose that (9.14) holds. If m is odd,
then n +m + 2 is even so that

n+m+2b

Sn+m+1 = Snt+m + (_1) n+m+1 = Sn+m + bn+m+1 > Sn+m > Sn+1,

and m + 1 > 2 is even so that

Sn+m+1 = Sn — bn+1 + bn+2 - bn+3 + bn+4 4= bn+m + bn+m+1
= Sp + S_anrl + bn+2l+£_bn+3 + bn+42+ s+ S_anrm + bn+m+12 S Sn-
<0 <0 <0

Hence we have
Sn+1 S Sn4+m+1 S Sn (915)

if m is odd. If m is even, then n +m + 2 is odd so that

n+m+2b

Snt+m+1 = Snt+m + (_1) n+m+1 = Snim — bn+m+1 < Sn4+m < Sn,

and m + 1 > 3 is odd so that

Sn+m+1 = Sn+1 T (bn+2 - bn+3) + 4+ (bn+m - bn+m+1) > Sn+1-

N J/
-~

>0 >0
Hence (9.15) holds if m is even, and we conclude by the principle of induction that (9.14) holds
for all m > 1 in the case when n is odd. By the Squeeze Theorem
lim s, < lim s, < lim s,
m—0o0 m—o0 m—r0o0
and therefore
Sp41 S8 < Sp (9.16)
if n is odd.

Next, suppose that n > 1 is an even integer. Then

Sp+1 = Sp + (_1>n+26n+1 =Sy + bn+1 > Sp
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shows that
Sn S Sn+m S Sn+1 (917)

in the case when m = 1. Fix m > 1 and suppose (9.17) holds. If m is odd, then n +m + 2 is
odd so that

n+m-+2 _
bn+m+1 = Sp+m — bn+m+1 S Sn+m S Sn+1,

Sptmt1 = Sndm T (_1)
and m + 1 > 2 is even so that

Snt+m+1 = Sn + (bn+1 - bn+2) + 4+ (bn+m - bn—l—m—i—l) > Sp-

N J/

-~

>0 >0

Hence we have
Sn S Sn4+m+1 S Sn41 (918)

if m is odd. If m is even, then n + m + 2 is even so that
Sn+m+1 = Sn4+m + (_1)n+m+2bn+m+1 = Sn4+m + bn+m+1 Z Sn+m 2 Sn,
and m + 1 > 3 is odd so that

Sn+m+1 = Sn+1 + S_anrZ + bn+3l+ s+ S_anrm + bn+m+1) < Sn+1-

7

<0 <0
Hence (9.18) holds if m is even, and we conclude by the principle of induction that (9.17) holds

for all m > 1 in the case when n is even. By the Squeeze Theorem

lim s, < lim s, < lim s,
m—o0 m—o0 m—0o0

and therefore
Sn <8 < Spy (9.19)

if n is even.

From (9.16) we obtain

Sp41 — Sn <8 — 8, <0,
and thus |s — s,| < |sp41 — Su| if n is odd. From ({9.19) we obtain
OSS_SnSSn—i—l_Sn;

and thus |s — s,| < |sp11 — Su| if n is even. That is, for all n > 1,

n+2b

|5 = $nl < [sn41 = snl = [(=1)"bnsa| = buta,

and the proof is done. [ |

The proof for Theorem [9.54] is easily adapted to suit an alternating series with an index &
that starts at some other integer other than 1, or one could simply reindex.

Example 9.55. Approximate the value of the convergent series

= (-
; (3k +2)4

with an absolute error less than 107°.
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Solution. We evaluate by = (3k + 2)~* for successive values of k until we obtain a number less
than 1075:

by =[3(1)+2]*=5"*=160x10""
by =[3(2) +2] " =8"*~244 x 107*
bs =1[3(3)+2] " =11""~6.83 x 107°
by=1[3(4)+2]*=14"*=~2.60x 107"
bs =[3(5) + 2] =17"*~120x 107"
be = [3(6) +2]7* =207 =6.25 x 107°

Thus, by Theorem we have
Ry =|s — s3] < bg=6.25x 107° < 1077,

which is to say that the approximation
o (_1)k’+1

~ 7 xg =548t 11— 14+ 17 ~ 0.00141
Bkr2)pt ™ i *

k=1

has an absolute error that is less than 107°. [ |
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SERIES FUNCTIONS

10.1 — TAYLOR POLYNOMIALS

Polynomial functions are well behaved. They are continuous everywhere, have continuous
derivatives of all orders everywhere, and repeated differentiation leads always to the zero function.
It also turns out that, given any function f that has continuous derivatives of all orders, and
given any zo € Dom(f), a polynomial function p can be found that approximates f to an
arbitrary degree of accuracy in some neighborhood of xy. The precise way of going about this is
to construct what is called a Taylor polynomial.

Definition 10.1. Let f be a function for which f'(xo), f" (o), ..., f™(20) € R. Forn >0 the
nth-order Taylor polynomial for f at xo is the polynomial function p,(-;xy) given by

" k)
pu(im0) = = () (x — xo)" (10.1)
for all x € R, where we define f© = f and (x — 1)° = 1.

For each 0 < k < n we call

%) ()
k!
in (10.1)) the kth coefficient of p,(x; xy). Expanding the sum in (10.1)) gives
e (n) T
(w3 0) = ) + £l = 20) + L gt o L gy,
which makes apparent that
pn(T0; o) = f(20), (10.2)

and also po(z;xo) = f(xo) for all z.
The remainder R, (-;xo) associated with the nth-order Taylor polynomial for f at zg is
given by

Ru(7520) = f() — pal®; 20),
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and can be seen to be the resultant error when using p,, to approximate f for any x € Dom(f).
The absolute error in approximating f(x) with p,(x;xo) is

| R (5 0)| = | f () = pu(; 20)] -

Theorem 10.2 (Taylor’s Theorem). Suppose [ has derivatives of all orders up ton+ 1 on
[a,b], and let xy € [a,b]. For each x € [a,b] with x # xy, there exists ¢ between x and xy such
that

F0(e)

(n+1)! (= 20)™ " (10.3)

f(@) = pnla;20) +

Proof. Let x € [a,b] be such that z # x( (so here z is a constant). Let M be the number for
which

f(x) = pul;20) + ( (2 — o)™ (10.4)

n+1)!
To show is that there exists ¢ between  and g such that M = f"*1(c). Define the function
g:la,b] = R by

M
t)=— )+ ——— (v — )"
ol0) = ~1(@) + (03 ) + @ =)
Because f has derivatives of all orders up to n + 1 on [a, b], all the terms in the polynomial
ae; () (¢
palest) = 10+ e~ 0+ L@ g T gy

are differentiable on [a,b], and hence g itself is differentiable on [a,b]. Now, from (10.4)) we see

that g(z) = 0, while from ((10.2)) comes
9(x0) = — f(x0) + pulz0; T0) = — f(20) + f(20) =0,

and so by the Mean Value Theorem (Theorem [4.14)) there exists ¢ between z and xy such that
g'(c) = 0. Since

" fk)
0= G | =+ 50+ S 0w+

/et (k)
=10 +Y (—f a0 - t>’“) ~Ma

" f(k+D) n—l op(kt1)
:ka—ﬁ(x_t)k_zf k!(t)(x—t)k—%(l‘—t)n

: n!
k=0 k=0
_ ) n_ M n
06 - By,
it follows from ¢'(c) = 0 that
M, e
oo =T gy

and therefore M = £+ (c). [ |
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Remark. Taylor’s Theorem still holds, and the proof is the same, if we assume the very slightly
weaker hypothesis that f has derivatives of all orders up to n on [a,b], and f( is differentiable
on (a,b) and continuous on [a, b]. If we do this, and we also set n = 1, then we find that Taylor’s
Theorem becomes precisely the statement of the Mean Value Theorem, with becoming

f(@) = polw; wo) + f'(e)(z — o),

O

since po(x;z9) = f(xg). Thus Taylor’s Theorem can be said to be a generalization of the Mean
Value Theorem.

and hence

Proposition 10.3. Suppose that f : [a,b] — R, f™ is continuous on [a,b] and differentiable
on (a,b) for somen >0, a < xo,x < b with x # xy, and I is the open interval with endpoints
x and xo. If p, is the nth-order Taylor polynomial for f with center xy and there exists some
M € R such that |f"TV(t)] < M for allt € I, then

’m _ xﬂ’n—i—l

Hale)l < MEET)

Proof. By Taylor’s Theorem there exists some ¢ between x and xy such that

f(n+1)(c) )n+1

Ry (x;20) = f(x) — pula; 20) = W(I —xg)" ",
and since ¢ € I we obtain
f(n+1)(c) . |ZL‘ o x0|n+1 |JZ . x0|n+1
Rn . — o n—+ ‘ n+1 ‘
[ B (5 20)] (n+1)! (& = o) f (n+1)! = (n+1)!
as was to be shown. [ ]

Example 10.4. Find the nth-order Taylor polynomial for f(z) = (1 + 2)~2 centered at 0 for
n=1,2,3,4,5. Then find a general expression for p,(z;0).

Solution. First we obtain the needed derivatives for f, along with their values at 0.
flla) = =2(1+2)7° = f(0)=-2
f'(@) =6(1+2)~" = f(0) =
f"(x) = —24(1 +2)7 = f"(0) =
f@(x)=1201+2)"% = 4>(0)
Ol(x) = —720(1 +2)7 = fO(0) = —-720
Thus we have
pi(x;0) = f(0) + f(0)z =1 - 2z,

1 2
o =1—-2x+ 327,

pa(;0) = f(0) + f'(0)z +
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y2 P2
3 £
N
/
-1 \ 1 v
Ps\\ P3 4!
FIGURE 37.
" O n O
p3(z;0) = f(0) + f(0)x + fQ(‘ ):172 + / 3(| )$3 =1— 22+ 3% — 423,
FD(0) 2 3 4
pa(z;0) = p3(z;0) + m =1— 2z + 32" — 42° + ba”,
®)(0
1(0) =1— 2z + 32% — 42% + 52* — 62°.

ps(x;0) = pa(x; 0) + =

Figure [37| shows the graphs of these Taylor polynomials. It can be seen that p, provides a better
approximation for f in the neighborhood of 0 as n increases. It can also be seen that the terms
in the Taylor polynomials fit a pattern, so that we may conjecture that

n

pn(;0) =D (=) (k + 1)z*

k=0
for each n > 0. This can be proven formally by induction. |

Example 10.5. Find the nth-order Taylor polynomial for f(z) = sin(z) centered at 0 for
n=0,1,2,3,4,5. Then find a general expression for p,(z).

Solution. First we obtain the needed derivatives for f, along with their values at 0.
f(x) =cos(x) = f(0)=1
f'"(x) = —sin(z) = f"(0)=0

f"(x) = —cos(z) = ["(0)=—-1

fO(x) () = fW0)=0

)( f( 1

= sin
fO(z) =cos(z) = fON0)
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As usual we define f(O)(z) = f(x), and so we have
po(x;0) = f(0) =0,

p1(x;0) = £(0) + f(0)x =z,

1"
0
pal:0) = F(0) + 7' 0) + T2 <
an) "o 3
po(:0) = FO) + PO+ T W02y Ty 2
F9(0) z’
pa(z;0) = p3(;0) + TR
L . fo0) 3 af
ps(7;0) = pa(z;0) + R +m
If we write
20 x! x? a3 x? x°
ps(2;0) = (O)a + ()37 +(0)5 + (—1)5 +(0) 37 + (1)5 + -
then generally we have
) — a(k) k
pn(x; 0) = —‘I' )
k=0
where o is the function given by
-1 k+1 1
o (k) = (—1)l472 {HT*} (10.5)
In particular, 0(0) =0, 0(1) =1, 0(2) =0, 0(3) = —1, 0(4) =0, 0(5) = 1, and so on. [

Example 10.6. Let f(z) = (14 )72 as in Example [10.4, Find an upper bound on the absolute
error that may be incurred by approximating f(0.1) using the 4th-order Taylor polynomial for
f with center 0.

Solution. The absolute error in question is |R4(0.1;0)| = | f(0.1) — p4(0.1;0)|. From Example
we found that f®(z) = —720(1 + z)~7, which certainly is continuous on [0,0.1] and
differentiable on (0,0.1). Now, for any 0 < ¢t < 0.1,

720 720
®) (¢ ‘ - < =720
)f (t) 1+¢7 — |1+0[7 ’
and so by Proposition we obtain an upper bound on |Ry(x;0)]:

0.1 -0 720(0.1)° s
= =6x107".

@A+ 1) 5! 8

Thus, if we use p4(0.1;0) to estimate f(0.1), the absolute error will be no greater than 6 x 107°.

Of course, nothing here prevents us from actually calculating the absolute error in this case.
Since

| Ra(; 0)] < (720)

f(0.1) = (1 +0.1)"* ~ 0.826446281
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and
p4(0.1) =1 —2(0.1) +3(0.1)% — 4(0.1)* + 5(0.1)* = 0.8265,

it can be seen that the absolute error is about 5.3719 x 107°. This is indeed less than the upper
bound 6 x 1075, |

Example 10.7. Find an upper bound on the absolute error in approximating f(z) = (1 + x) 2
on the interval [—0.3,0.3] using the 4th-order Taylor polynomial for f with center 0.

Solution. The goal here is to find some number N such that |R4(x;0)| < N for all z € [—0.3,0.3].
Example m gives an expression for f(®), which is seen to be continuous on [—0.3,0.3] and
differentiable on (—0.3,0.3), and so Proposition can be used with o = 0 in order to
determine a value for V.

Fix z € [-0.3,0.3], and let I be the open interval with endpoints 0 and z. For any t € I we

have 720 720
(5) (¢ ‘ _ <
IO T+ ~ I+ (—03)F
since t € I implies that —0.3 <t < 0.3, and so by Proposition and the fact that |z] < 0.3
we obtain

~ 8742.7 < 8742.8,

5 5
Ru(z:0)] < (8742.8)% < (8742.8)% ~ 0.1770 < 0.1771.
Now, since = € [—0.3,0.3] is arbitrary, it follows that |R4(z;0)| < 0.1771 for all —0.3 <z < 0.3.
That is, 0.1771 serves as an upper bound on the absolute error in approximating f on [—0.3,0.3]
using py.
In the case when x = —0.3 we have f(—0.3) = (1—0.3)"2 & 2.0408 and p4(—0.3;0) = 2.0185,
and so the absolute error is 0.0223—well less than 0.1771. |
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10.2 — POWER SERIES

Definition 10.8. An infinite series of the form

Z cr(r — x0)" (10.6)
k=0
s a power series with center x, and the ¢ values are the coefficients of the power series.

Just as an infinite series as defined in Section 9.3 need not have its index k start at 1, the
index of a power series as defined here does not need to start at 0. However having the initial
value of k£ be 0 is the most common scenario.

Power series may be used to define functions. That is, we can define a function f by

o0
f@) =3 el — mo)",
k=0
with the understanding that the domain of f consists of the set of all x € R for which the series

converges. Define
S = {xER:ch(aj—xg)keR}

k=0

to be the “set of convergence” for the series . As the next theorem makes clear, given any
power series the set S can only ever be {z¢}, (—00,00), or an interval with endpoints
xo — R and xg + R for some R > 0. Here R is called the radius of convergence of the power
series. We define R =0 if S = {z¢}, and R = 00 if S = (—00, 00).

Theorem 10.9. A power series Y. cp(x — x0)* exhibits one of three behaviors:

1. The series converges absolutely for all x € R, so that S = (—o00,00) and R = cc.

2. The series converges only for x = xq, so that S = {xg} and R = 0.

3. For some 0 < R < oo the series converges absolutely for all v € (xg — R, xo+ R) and diverges
for all x € (—o0,20 — R) U (z0 + R, 00).

In part (3) of the theorem notice that nothing is said about whether the power series
converges at © = xy + R, and that is because nothing can be said in general. If part (3) applies
to a particular power series, then the set of convergence S of the series will be an interval of
convergence that may be of the form (2o — R,z + R), [tg — R,x + R), (xo0 — R,z + R], or
[o — R,z + R]. The endpoints g — R and zy + R will have to be investigated individually to
determine whether the series converges or diverges there.

To determine for what values of x a power series converges, we only need the tests for
convergence that were developed in the previous chapter.

Example 10.10. Find the interval of convergence of the power series

e}

.’L’k
> (=D (10.7)

k=1
and state the radius of convergence.
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Solution. Clearly the series converges when x = 0. Assuming x # 0, we can employ the Ratio
Test with ap = (—1)k1a* /k3:

lim |24 — fim ‘(_1)kxk+1 . i = lim ‘ﬂ = lim —3|$| = ||
k—oo | ap k—o00 (k + 1)3 (—1)’“71$’C k—o0 (k‘ —+ ) k—o0 (k + 1)3 ’
since 13
O e
Thus the series converges if |x| < 1, or equivalently —1 < x < 1. The Ratio Test is inconclusive
when x = —1 or x = 1, so we analyze these endpoints separately.
When x = —1 the series becomes
00 1 k 1 o 2k; 1 -1
3 # Z > u
k=1 =1

Recall that > 1/k® is a convergent p-series, and thus > 1/ k;3 = s for some s € R. Now
Proposition 9.12 implies that
~1 = 1
D Bt
k=1 k=1

which shows that > —1/k% also converges.
When = = 1 the series becomes
© (_1)k—1
D

k=1
which is an alternating series > (—1)*71b;, with b, = 1/k3. Since limy,_,o, by = 0 and
bk+1 p— # < i
(k+1)3 k3
for all k, by the Alternating Series Test this series converges.
We conclude that the series converges on the interval [—1,1], and the radius of

oo

convergence is R = 3|1 — (—1)| = 1. [
Example 10.11. Find the interval of convergence of the power series
= L (T +2)F
> (1) T (10.8)
k=1
and state the radius of convergence.
Solution. Clearly the series converges when x = —2. Assuming x # —2, we can employ the
Ratio Test with ( v
r+2
= (=1L
ak ( ) k . 2]€
to obtain
' ak-i—l ' (_1)k+1(‘27 + 2)k+1 k . 2k
lim = lim .
k—oo | ay k—oo | (k4 1)-2k1 (—1)F(x 4+ 2)*
(—)(x+2) k
= AP Nl M ) )
kgf;o\ Shr D) 1| A gt
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1
=—|jz+2|
le+2]
Thus the series converges if 3|z 4+ 2| < 1, which implies |z 4 2| < 2 and thus —4 < z < 0. The
Ratio Test is inconclusive when x = —4 or x = 0, so we analyze these endpoint separately.
When z = —4 the series becomes
> =2
k=1 :1 k=1

which is the harmonic series and therefore diverges.
When x = 0 the series becomes

kz k zk :kz E’

=1

which is an alternating series > (—1)*b, with b, = 1/k. Since limy_, bx = 0 and
1 1

b =—— < —-=)
k41 k—|—1<k k

for all k, by the Alternating Series Test this series converges.
Therefore the series (10.8) converges on the interval (—4, 0], and the radius of convergence is
R=1Y0-(-4)]=2 [ |
2

Example 10.12. Find the interval of convergence of the power series

0 k

(Ink)k’

(10.9)

and state the radius of convergence.

Solution. In this case it would be easier to use the Root Test with a; = 2*/(In k)*; so, for any
r € R, we obtain

hm V/ax| = hm =0,
s lnk = |1nk|k i |lnk:|
since Ink — oo as k — co. Thus, the series converges for all real x, which implies that
the interval of convergence is (—o0, 00) and the radlus of convergence is R 00. |

Theorem 10.13. Suppose the series Y oo, cx(x — x0)*

fI =R by flx) =D ck(r —xo)".
1. f s continuous on I.
2. f is differentiable on Int(I), with

() = Z kep(x — o)1
k=1

converges on an interval I, and define

for all x € Int(1).
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3. f is integrable on Int(I), with

:Eo)k+1 +c

for arbitrary constant c.

The first part of Theorem |10.13|states that, for any = € Int(]),

: )k
}%cht—xg —hmf ch x — x0)" Z%l_r)r;ckt—xo , (10.10)
which is to say the limit of a convergent series can be carried out “termwise” so long as the limit
operates in the interior of the interval of convergence I of the series. If z is an endpoint of I then
the appropriate one-sided limit is executed in instead. The second and third parts of
the theorem state that a convergent power series can be differentiated and integrated “termwise”
on the interior of I, meaning the differentiation or integration operator can be brought inside
the series:

%ch(:v—azo Z% Ckx—l’o chkx—ﬂﬂo chkx—xo -
=0

k k=0
and
/ l;%_m]w;{/ Y

Moreover the new series that results from differentiating or integrating the old series will be
convergent on Int(/) as mentioned in the theorem, although nothing can be said in general
about the behavior of the new series at the endpoints of I.

Example 10.14. Show that

Solution. Recall that

oo
g " =
n=0

for any x € (—1,1). Since — In(1 — =) is an antiderivative for (1—x)~! on (—1,1), for z € (—1,1)
the Fundamental Theorem of Calculus gives

/Ox (gt") dt = : %dt = [—In(1-¢)]; = —In(l —=). (10.11)

On the other hand Theorem [10.13(3) shows that

flo)=>" :;L . (10.12)
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is an antiderivative for > > 2™ on (—1,1), and so

xz [ . > an! ¥ > ol
/0 (;t>dt:[n§n+l 0:;n+1 (10.13)
for x € (—1,1). Combining and gives
0o L
2 =—In(l —x) (10.14)

for z € (—1,1).

Using the Ratio Test and Alternating Series Test, it is straightforward to show that the
series in ((10.12)) converges on [—1,1). Thus by Theorem [10.13(1) the function f is continuous
on [—1,1), and so in particular

[e.o]

"t e (_1)n+1
! = = f(=1) = : 10.15
Jm Do = ) = s =30 U (1015)
But by (10.14]) we also have
> l.nJrl
li = 1 “In(l—2)] = —In(2 10.1
a;—gq+nzzon+1 x_}l_rh[ n(l — )] n(2) (10.16)

since the natural logarithm function is continuous on its domain. Combining ((10.15]) and ({10.16))

gives
S EVT )

n+1 -

n=0
Now we simply observe that

n=1 n=0

and In(3) = —1In(2) to obtain the desired result. [ |
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10.3 — TAYLOR SERIES

Definition 10.15. Let f be a function that has derivatives of all orders on an open interval I
containing xo. Then the power series of the form

O FE) (g
> ! k(l g (x = o)’
k=0 ’

is the Taylor series for [ centered at xy. A Taylor series centered at 0 is called a
Maclaurin series.

Recalling the definition for the nth-order Taylor polynomial P, (z) for f with center xy given
in Section 10.1, it can be seen that

k=

0
In what follows recall that R, (z) = f(z) — P,(x).

Theorem 10.16. Let P,(x) be the nth-order Taylor polynomial for f centered at xo. If
lim,, o Ry(z) = 0 for all x on an open interval I containing xq, then

f(x) = lim P,( Zf x—xo)k

n—oo

forallxz e 1.

Proof. Suppose that lim,, ., R,(z) = 0 for all = on an open interval I. Then P, (x) exists for
all n > 0 and x € I, which implies that f has derivatives of all orders on I and so the Taylor
series for f centered at x( exists. Let x € I. Then

— P (o) K f““ E_p
St =t L o i
= lim o) Rn< )| = lim f(z) — lim R, (x)
= f(z) = 0= f(z).
Therefore f(z) equals the value at = of Taylor series for f centered at x. |

Example 10.17. Show that
Y2kt

sin(z Z 2k;+1

k=0

for all x € (—o0, 00).
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Solution. In Example we determined that the nth-order Taylor polynomial centered at 0

for the sine function is
" o (k)
Puai0) = 30 70

k=0
with o defined by equation ((10.5). Fix n > 0. We have that sin®™ is continuous and differentiable
on (—00,00). Let # # 0, and let I be the open interval with endpoints 0 and z. Since | sin™ ) (¢)|
is either |sint| or | cost|, it is clear that |sin®™*V(¢)| < 1 for all ¢ € I. Therefore

|$ _ O|n+1 B |x|n+1
(n+1)!  (n+1)!
by Proposition [10.3, and since n > 0 is arbitrary we conclude that the inequality (10.17]) holds
for all n > 0. Observing that

|R,(x;0)] <1

(10.17)

|x|n+1

: _ 0
nise (n+ 1)
by the Squeeze Theorem we obtain
lim R, (2;0)] = 0
and hence R,(z;0) — 0 as n — oo for all x # 0. However, because P,(0;0) = 0 = sin0 for all
n > 0, we have R, (0;0) =0 for all n > 0 and thus

lim R,(z;0)=0

n—oo

holds for all z € (—o0,00). So, by Theorem [10.16| we conclude that

~ o(k
sin(z) = lim P,(z;0) = 7}1—>Holoz %‘)xk
k=0

n—o0

for all x € (—o00,0).
Finally, it’s a straightforward enough matter to verify that, for any n > 0,

2n n
o) s )
c~ k! ~ (2k+1)!

and therefore
n 2n+1 n 0
. L ok) . .. ok) » .. (—1)ka?tt (—1)kg2k+1
sinte) = fim 3 et = D St = ) S T @

as desired. [ ]
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10.4 — APPLICATIONS OF TAYLOR SERIES

Example 10.18. Approximate the value of the definite integral

0.2
/ sin(2?)dx
0

with an absolute error less than 10719,

Solution. In Example we found that

%0 Y 2h+1
sin(z ; 2k: + 1)
for all z € (—o0,00), and thus we have
‘ ) 0 (_1)19(1;2)%-1—1 o0 (_1>kx4k+2
— A\ A — 10.18
sin(e”) ; (2k + 1)! ; (2k + 1)) (10.18)

for all —oco < & < co. In particular the series at right in ((10.18)) converges on (—o0, c0), and so
by Theorem [10.13((3)
2 (_1)kyAk+2
/ P il
(2k +1)!

k=0

o (_1)kx4k+3

B kz_o (4k + 3)(2k + 1)!

+c

for all x € (—o0, 00) and arbitrary constant ¢. Thus, by the Fundamental Theorem of Calculus,

02 , B 0.2[ o (_1)kx4k+2 B 0 (_1)kx4k+3 0-2
/0 Sm(""”‘)d‘”_/o [2 2k + 1)! dm_[§(4k+3)(2k+l)! i

k
[eS) (_1)k(0‘2)4k+3 B 00 (_1)k(0)4k+3
4k +3)2k+ 1) 2 (dk+3)(2k + 1)!

ing

O_O 0. 24k+3
kz% (4k + 3)(2k + 1)

We have arrived at an alternating series > (—1)*b, with
0.24k+3
(4k + 3)(2k + 1)!
for £ > 0. Evaluating the first few b, values,
bo = 0.23/(3 - 1!) = 2.6667 x 1073
by =0.27/(7-3!) ~ 3.0476 x 1077
by = 0.2" /(11 - 5!) =~ 1.5515 x 10~
By the Alternating Series Estimation Theorem the approximation
0.24k+3 b b 0_23 - 0_27

;<_1)k(4k+3)(2k+1)! ~ 3 42

b, =
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will have an absolute error that is less than by ~ 1.5515 x 107" < 107'°. Therefore the
approximation
0.23  0.27

0.2
. 2 .

der ~ — — —

/0 sin(z?) dx 3 B

has an absolute error less than 10710, In fact it will be less than 1.6 x 107111 |
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PARAMETRIC AND POLAR CURVES

11.1 — PARAMETRIC EQUATIONS

Definition 11.1. Parametric equations are a set of equations that define a list of quantitative
variables x1, ..., x, as functions of independent variables t, ... ,t,, called parameters.

In the zy-plane there are two obvious quantitative variables: x and y, which together specify
a point (x,y). If we define z and y as functions of a single parameter ¢, then the resultant
equations x = f(t) and y = g(t) form a set of two parametric equations. Usually we also specify
an interval [ for the parameter ¢, and write

(z,y) = (f(£),9(t), tel (11.1)

to indicate that = = f(t) and y = g(t) for all ¢ € I. The graph of the parametric equations in
(11.1) is the set I' of points in the xy-plane given by

D= {(J(t),g(t) 1 € T}

We call I'' a curve if both f and g are continuous on I.

Conversely, given a set of points C' that is a curve in the zy-plane, if there exists an interval
I and continuous functions f, g : I — R such that the parametric equations have graph
equal to C, then is a parametrization of the curve C.

Example 11.2. The graph of the parametric equations
(z,y) = (sin2t,2sint), t € 0,27],

is the curve in the zy-plane shown in Figure [38] In general curves defined by parametric
equations of the form

(z,y) = (Asin(at + 6), Bsin(bt)), ¢ € [0, 27],

for constants A, B, a,b,d are called Lissajous curves. |



263

F1GURE 38. A Lissajous curve.

Any real-valued function ¢ defined on an interval I has graph
I'=A{(z,0(x)) : x € I},
and it is easy to see that the parametric equations
(x,y) = (t,p(t), tel (11.2)

have the same graph I'. We call a parametrization of the function ¢, and in general any
set of parametric equations whose graph equals the graph of ¢ is a parametrization of .

Recall that a function ¢ is continuously differentiable on an open interval I if ¢ is
differentiable on I and ¢’ is continuous on I. Suppose we have parametric equations given by
(11.1)), with f and g both continuously differentiable on Int(I). If f'(7) # 0 for some 7 € Int([),
then the continuity of f’ implies there is some § > 0 such that either f' > 0 on Iy := (7 —0,7+9)
or f" < 0 on Iy. Thus f is either increasing or decreasing on Iy, and so is one-to-one there.
Letting f(Iy) = Jo, it follows that f : Iy — Jy has an inverse f~! : Jy — Iy such that

fy=2 & fl(z)=t
for all t € Iy and = € Jy, where .Jy is an open interval by Lemma [7.8, Then
y=9(t)=g(f'(2)) = (g0 [ )(x) (11.3)
for all t € Iy and = € Jy. We now see that y is a function of z, at least for x € Jy, and write
y(@) = (go f)(=)
for x € Jy.

Now, since f is one-to-one and differentiable on Iy, with f’(¢) # 0 for each t € Iy, Theorem

m implies f~! is differentiable at each xz = f(t) € Jy and
1
R U P — 11.4
Thus, by the Chain Rule, equations ((11.3) and ((11.4]) imply that

Y(z)=(go f)(x) =g (f (@) (f ) (2) = () (11.5)
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for all x € Jy. In particular we have
g'(7
y(f(r) = \7)

and since 7 is an arbitrary point in Int() for which f’(7) # 0, we have proven the following
theorem.

Theorem 11.3. Let I be an interval, let (x,y) = (f(t),g(t)) for all t € I, and suppose [ and g
are continuously differentiable on Int(I). Then

y(f(t) =2 (11.6)

for allt € Int(I) such that f'(t) # 0.

So long as it’s understood that z = f(¢), equation ([11.6)) may be written as
: g'(t)
y'(x) =
f'(t)
It is common practice to denote parametric equations simply as (z(t),y(t)), so that z = x(t)

and y = y(t). Then (11.7)) becomes

. (11.7)

/
v o dy_ dy/dt

—a2(t) dr  dx/dt
To have y/(z) and y/(¢) in the same formula can be confusing, but bear in mind that the symbol
y'(z) in (11.7) is really (go f7')'(x), as we see in (1L.5).

Theorem [11.3] allows us to compute the usual slope of a curve C defined by parametric
equations (x,y) = (f(t),g(t)) in the standard xy-plane, wherever the slope exists. By ,
the curve C has a horizontal tangent line at the point (f(t), g(t)) if and only if ¥/'(f(¢t)) = 0,
and the latter occurs if and only if ¢’(¢) = 0 and f'(¢) # 0. Also C' has a vertical tangent line
at (f(t),g(t)) if and only if ¢'(t) # 0 and f’(t) = 0. The key to seeing this begins with the
observation that Theorem has the following symmetrical result.

Corollary 11.4. Let I be an interval, let (x,y) = (f(t),g(t)) for allt € I, and suppose f and
g are continuously differentiable on Int(I). Then

for allt € Int(I) such that ¢'(t) # 0.

Example 11.5. Consider the curve C' given by the parametric equations
(x,y) = (sin2t,2sint), t € [0,2n],

first considered in Example

(a) Find an expression for the slope of C' at any point (f(t),g(t)), t € [0, 27].
(b) Find the points on C' where the tangent line is horizontal.
(c) Find the points on C' where the tangent line is vertical.
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Solution.
(a) Here z = f(t) =sin2t and y = g(t) = 2sint. By Theorem [11.3]

"(t)  cost
ey = 9
y (@) f'(t)  cos2t
for all ¢ € (0,27) such that cos 2t # 0. What about the points on C' corresponding to ¢t = 0 and
t = 2m? These two values for ¢ in fact correspond to the same point (0, 0):

(f(0),9(0)) = (sin(2-0),2sin0) = (0,0) = (sin(2 - 27),2sin(27)) = (f(27), g(27)).

In order to treat this point in a proper fashion using Theorem [11.3] we note that another
parametrization for C' is

(x,y) = (sin2t,2sint), te [—m, 7.
Theorem now implies that
g'(t)  cost
"CF(+)) = =
for all t € (—m, ) such that cos2t # 0, which includes ¢ = 0 and hence the point (0,0) € C.
Therefore

cost

"(f(t) = 11.8
for all ¢ € [0, 27] such that cos2t # 0.

(b) To find points on C' where the tangent line is horizontal, by (11.8) we find ¢ € [0, 27| for
which cost = 0 and cos 2t # 0. The solutions are t = 7, 37”, which yield the points
(¢) To find points on C' where the tangent line is vertical, by (11.8)) we find ¢ € [0, 27] for which
cost # 0 and cos 2t = 0. The solutions are t = 7, ?jf, %’r, %’r, which yield the points

(F(5),9(5) = (sin 3, 2sin 5) = (1,V2),  (F(F).9()) = (= 1.V2),

See again Figure [3§| [ ]
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11.2 — PoLAR COORDINATES

In what follows we will say that two pairs of polar coordinates (r1,6;) and (rq, ;) are
equivalent, and write (ry, 6;) ~ (rq,6s), if they have the same rectangular coordinates. Thus
(1,0) ~ (1,2m), since both lie at (z,y) = (1,0); and (3,7/4) ~ (—3,57/4), since both lie at
(2,y) = (3/v2,3/V2).

Example 11.6. Find the smallest 6, > 0 for which the set

S ={(r,0):0<6 <60 and r = 4cos 30}
will equal the graph of the polar equation r = 4 cos 36.
Solution. When 6 = 0 we find that r = 4 cos0 = 4, so the point (r,0) = (4,0) lies on the graph
of the equation. If we denote r by f(f), so that f(6) = 4 cos 36, then what must be done is to
find the smallest 6y > 0 such that (f(6y),00) ~ (4,0). We start by examining the positive values

of 6 for which f(0) = 4cos30 = +4 (recall that both r = 4 and r = —4 imply a distance of 4
from the origin):

fO)=4 = 4cos30=4 = cos30=1 = 30 =2rm 4n,6m,...
= 0=21/3,4r/3,2n,. .. (11.9)
and
f(0)=—-4 = 4dcos30=—-4 = cos30=—-1 = 30=m,3mbm,...
= O=mn/3,7571/3,... (11.10)

The smallest value in (11.9)) which when paired with r = 4 gives coordinates equivalent to (4, 0)
is 6 = 2mr; that is, (4,27) ~ (4,0). The smallest value in (11.10]) which when paired with r = —4
gives coordinates equivalent to (4,0) is = m; that is, (—4,7) ~ (4,0). Thus we conclude

4

FIGURE 39. The graph of the polar curve r = 4 cos 36, called a “rose.”
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that 6y should be 7, the smaller of the two 6 values obtained. That is, S equals the graph of
r =4cos 30 if Oy = 7. See Figure [39] [ |
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11.3 — CALcULUS IN POLAR COORDINATES

A curve given by a polar equation r = f() can always be defined by parametric equations
using 6 as the parameter and recalling that, in general, x = rcosf and y = rsin6:

x=rcosf = f(0)cosh, y=rsinfd = f(0)sinb.

Letting g(0) = f(0)cos® = x and h(0) = f(0)sinf = y, and assuming that g and h are
continuously differentiable functions with g’ # 0 on some open interval I, then by Theorem [11.3]
we obtain

J(x) = h(0) _ f(0)sin® + f(0) cosb
g(0)  f'(0)cosd — f(f)sind

for all § € I. From this the following proposition results.

(11.11)

Proposition 11.7. Let [ be a differentiable function at 6. If
f'(00) cos by — f(6o) sin by # 0,
then the slope of the tangent line to the curve with polar equation v = f(0) at (f(6o),060) is
f(0o) sin by + f(60) cos Oy
f"(6p) cos By — f(6p) sinby

Example 11.8. Find the points where the polar curve r = 24 2sin 6 has a horizontal or vertical
tangent line.

Solution. First, when § = 0 we have r = f(f) = 2, so the graph of the equation contains the
point (r,0) = (2,0). Setting f(#) = 2 gives 2+ 2sinf = 2, or sinf = 0, which has solution set
{0, 7,27, ...}; and setting f(0) = —2 gives sinf = —2, which has no solutions. From the set
{0, 7,27, ...} the smallest nonzero value that returns us to (2,0) is 27, and so the set

S={(r0):0<60<2randr=2+2sinf}

should produce the complete graph of = 24 2sin @ (which can be verified by actually producing
the graph). Thus, we need only entertain ¢ values in the interval [0, 27| in our search for points
where the curve may have a horizontal or vertical tangent line.
By Proposition the curve given by f(f) = 2 + 2sin# has a horizontal tangent line
wherever
f(0)sin@ + f(0)cosf  2cosfsinb + (2 + 2sinb) cos b

f(0)cosf — f(A)sinf  2cos2f — (24 2sinf)sinf

which implies
2cosfsinf + (2+2sinfd)cosd =0 (11.12)
and
2cos? 0 — (2 + 2sin ) sin @ # 0. (11.13)

From (11.12)) we obtain
(cosf)(2sinfh + 1) = 0.
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-3 3 7
F1GURE 40. The graph of » = 2 4+ 2sin 0, called a “cardioid.”

From cos @ = 0 we obtain solutions 7/2 and 37/2 in [0, 27], and from 2sinf + 1 = 0 we obtain

solutions 77/6 and 117/6 in [0,27]. The solution 37/2 violates the condition so we

discard it. Thus the curve has a horizontal tangent line at (4,7/2), (1,77/6), and (1,117/6).
To find points where the curve has a vertical tangent line, we find solutions to

2cos? 0 — (2 + 2sinf)sinf = 0.
which gives 2sin?# +sinf — 1 = 0, and thus
(2sinf — 1)(sinf + 1) = 0.
From 2sinf — 1 = 0 we obtain solutions 7/6, 57 /6,137/6, ..., and from sinf 4+ 1 = 0 we obtain

solutions 37 /2, 7w /2,117 /2,.... In the interval [0, 27], then, we arrive at the points (3,7/6),
(3,57/6) and (0,37/2) ~ (0,0). See Figure [ |

Example 11.9. Find the points where the polar curve r = sin 26 has a horizontal tangent line.

Solution. The entire curve is generated for 0 < 6 < 27, so we only search for values of 6 in the
interval [0, 27].
Set f(0) = sin26. To find where horizontal tangent lines reside, find  for which
f'(0)sin€ + f(0) cost)  2cos20sinf +sin20cost
f'(0)cosf — f(A)sinf  2cos20cosf —sin20sinf

which entails solving

2cos 260 sin 6 + sin 26 cos 8 = 0.
Using the identities

sin2t = 2sintcost and cos2t = cos’t — sin®t,

the equation becomes (sin #)(2 — 3sin® @) = 0, so either sinf = 0 or sin§ = £,/2/3.

Solving sinf = \/m gives two solutions: #; = tan~!+/2 (an angle in Quadrant I) and
0y = m —tan~' /2 (in Quadrant II).

Solving sin = —/2/3 gives 03 = 7 —tan™" (—\/5) (in Quadrant I11) and 6, = tan™* (—\/§>
(in Quadrant IV).

Putting the four angles 61, 65, 63 and 4 into r = sin 26 and noting that

tan~"( — \/5) = —tan’l(\@),
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we obtain four points:

242 24/2
(iT\/_,j:tan_l \/5) and (j:T\/_,W:i:tan_l \/5)

(These types of problems are seldom pleasant company.) Moving on to sinf = 0, we obtain
6 = 0,7, which yields just one point, (0,0), although the curve passes through the point
twice! [ |
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VECTORS AND COORDINATES

12.1 — EUCLIDEAN SPACE IN RECTANGULAR COORDINATES

By “the plane” we have always meant the set of all ordered pairs of real numbers. Such a
set we denote by R?, so that
R? = {(z,y) : 2,y € R}.

As ever, an ordered pair (x,y) may be geometrically interpreted to be a point on the plane.
More precisely (x,y) is taken to be the rectangular coordinates of a point, unless a different
coordinate system has been specified such as the polar coordinate system introduced in §11.2.
Note that R? = R x R, the Cartesian product of the set of real numbers R with itself.

We now move up one dimension. By “space” we mean here the set of all ordered triples of
real numbers. This set we denote by R?, which in fact equals R x R x R so that

R® = {(z,9,2) : 7,9,z € R}.

An ordered triple (z,y, z) may naturally be regarded as a point in space. The coordinate
system assumed here is the three-dimensional rectangular coordinate system, which is
a natural extension of the two-dimensional rectangular coordinate system. The extension is
accomplished by the addition to a z-axis that is perpendicular to both the z-axis and y-axis.
Figure illustrates two fundamentally different ways to do this, one way yielding a left-
handed coordinate system (at left in the figure), and the other way yielding a right-handed
coordinate system (at right in the figure). We will always assume a right-handed coordinate

z z

Yy x

FIGURE 41. A left-handed system at left, and a right-handed system at right.
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\\pp = (0, Yo, 20) \\'p = (20, Yo, 20)

Yo Yo
Y Y

T i

FIGURE 42. Stereoscopic image of three-space containing point and line.

system! This is the system for which the zy-plane would appear to have the conventional
two-dimensional rectangular coordinate system from the perspective of someone looking “down”
at it from a point on the positive z-axis.

If p is a point in space with coordinates (o, Yo, 20), we write p = (xo, %o, 20). The location of
such a point p in the case when zy > 0, yo > 0, and 2y > 0 is illustrated in Figure 42 which is
stereoscopic to give the effect of depth. Unless another coordinate system has been specified such
as the cylindrical or spherical systems introduced in §12.5, we always assume the coordinates of
a point in space are rectangular coordinates.

Space equipped with the three-dimensional rectangular coordinate system is sometimes
called zyz-space, just as the plane equipped with the two-dimensional rectangular coordinate
system is called the xy-plane. It is fair to say the zy-plane is a subset of xyz-space, although in
xryz-space any point on the zy-plane must be expressed as an ordered triple with z-coordinate
equal to zero: (x,y,0). Put another way, in xyz-space the zy-plane is the plane given by the
equation z = 0. Similarly x = 0 is the yz-plane, and y = 0 is the xz-plane. More will be said
about planes in space in §13.6.

In the two-dimensional rectangular coordinate system the zy-plane is partitioned into four
quadrants: Qi, Qz2, Q3, Q4. In zyz-space there are eight octants denoted Oy, ..., Og. Octants
01, O3, O3, Oy4 lie above Q1, Q2, Q3, Q4, respectively, and octants Os, Og, O7, Og lie below Qq,
Q2, Q3, Q4. So the first and fifth octants, for example, are the sets

O, ={(z,y,2) 12 >0,y >0,2>0} and O5={(x,y,2):2>0,y >0,z <0}.
Let po = (7o, ¥0,20) and p = (x,y, z) be two points in R3. A simple algebraic argument

that twice makes use of the Pythagorean Theorem shows that the distance between pg and p,
denoted by d(py, p), is given by the formula

d(po,p) = \/(33 —20)2+ (y —yo)? + (2 — 20)% (12.1)

This is the natural extension of the distance formula in R? as it is known from algebra.
Recall that in algebra a circle in R? with center (zg,yo) € R? and radius r > 0, which we
shall denote by the symbol C,(zg, y0), is defined to be the set of all points (z,y) € R? that are
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a distance r from (zo, ). That is,
Cr(z0,90) = {(2,y) € R?: \/(37 —z0)2+ (y — )2 =r}.

The natural extension of the notion of a circle in R? is that of a sphere in R3. Specifically, a
sphere in R? with center py = (0, Yo, 20) and radius r > 0, denoted by the symbol S, (p), is the
set of all points p € R3 that are a distance of r away from py. That is,

Sy (po) = {p e R’ : d(po,p) = 7"} ;

where d(py, p) is given by (12.1]). To say a point (z,y, z) lies on the sphere S,(pg) is equivalent
to saying d(po, p) = r, which by (12.1)) (squaring both sides) is equivalent to saying

(x—20)* +(y —y0)* + (2 — 2)* =% (12.2)

We refer to (12.2) as the center-radius form of the equation of the sphere S,(py). The
following example illustrates the general technique for getting the equation of any sphere into
center-radius form.

Example 12.1. Describe the set of points that satisfies the equation
207 + 2% +22% + 4o — by — 62 = %

Solution. First divide by the coefficient of the squared terms, which in this case is 2, to get
x2+y2+22+2x—gy—3z: i.

Now,

=1 (group by variable)

(a2 + 20) + (4 — 3y) + (22 — 32

[\~

1
}1 +1+ % + i—i (complete the square)
81

— 8l (factor each trinomial)

(@ +20+1)+ @ —2y+B)+ (2> —32+2
) =1

(@ +1°+ @y -3+ (-3
The last equation is in center-radius form. Comparing with (1), we see that the equation is that

for a sphere with center at (—1,5/4,3/2) and radius /81/16 = 9/4. [ |

At least as important as spheres is the notion of an open ball in R? centered at p, € R3
with radius r > 0, denoted by B,(py) and defined to be the set of all points in R? that are less
than r units from py:

B, (po) = {p € R*: d(py,p) < r} .

The closed ball in R? centered at p, € R? with radius r > 0 is the set
B.(po) = {peR*:d(po.p) <r}.

Throughout the remainder of these notes we shall be working primarily in either R? or R3,
though R™ will continue to be useful for the purposes of presenting certain results in a more
general form. Even in scientific applications there is frequent need to work in R™ for some n > 3.
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For example, we have only to consider relativity theory to see an instance when it’s necessary
to work in
R*={(z,y,2,t) : x,y,2,t €R},

where x, y, and z represent spatial coordinates and ¢ is time.
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12.2 — VECTORS IN EUCLIDEAN SPACE

Like a point in R", a vector in R" is an ordered n-tuple of real numbers. However, to begin
with there is a difference in notation: vectors in R™ are presented as ordered lists of n real
numbers placed between angle brackets ( and ) instead of parentheses:

<$1,.§C2, e 7l’n>.

As with points, we may more compactly denote a vector by a single letter, but the difference is
we shall always use a bold-faced letter for the purpose. Thus the vector (zy,xs,...,z,) may
be denoted by x, and we writd

X = (T1,To,...,Tp).

We call z1, 2o, ...,x, the components, or coordinates, of the vector x. Vectors in R" are
sometimes called coordinate vectors or euclidean vectors to distinguish them from other
kinds of vectors encountered in other realms of mathematics.

Two vectors x = (z1,...,2,) and y = (y1,...,yn) are said to be equal if z;, = y,, for all
1 <k < n, in which case we write x =y. The zero vector 0 is the vector whose coordinates
are all equal to 0: 0 = (0,...,0).

For our purposes a scalar is always taken to be a real number, though in other contexts a
scalar could be a complex number.

Definition 12.2. Let x = (xy,...,x,) andy = (y1,...,Yyn) be vectors in R", and ¢ € R. Then
we define the sum of x and y to be the vector

X+y={(r1+y, - T+ Yn),
and the scalar multiple of x by c to be the vector
ex = (Cry, ..., CTy).
We also define the negative of x to be the vector —x = (—1)x, and the difference of x
and 'y to be the vector
x—y=x+(-y).

All the operations in Definition [12.2] are known as vector operations. In explicit terms we
have

—x=(-D)x=(-1){(z1,...,2,) = <(—1)x1, e (—1):1:n> = (—T1,...,—Tp),
and
X—y=x+(=Dy= (@1, 2) + (U1, s —Yn) = (T2 = Y1, T — Yn)-
With Definition it is straightforward to prove the following properties of vectors in R”.

Proposition 12.3. Let x = (z1,...,2,) andy = (y1, ..., yn) be coordinate vectors in R™, and
a,b € R. Then

l.a(x+y)=ax+ay

2. (a+b)x =ax+bx

3. (ab)x = a(bx)

9Vectors written by hand, when bold-facing is not necessarily practical, may be denoted with an arrow: 7.
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Definition 12.4. Two nonzero vectors x,y € R" are parallel, written x ||y, if there exists
c € R such that y = cx.

Aside from notation, how is a euclidean vector in R™ really different from a point in R"? From
a mathematical standpoint there is no difference: both are ordered n-tuples of real numbers. The
sole difference is merely a matter of geometrical interpretation. The geometric interpretation
is simple: a vector (xy,...,x,) is thought of as an arrow in R" with its tail located at any
arbitrary point (py,...,p,) and its head located at (p; + x1,...,pn, + ©,). Thus, so long as
(x1,...,2,) # 0, it is natural to think of (z1,...,z,) as an arrow with a fixed direction and
fixed length, but no fixed location in n-space. Put another way: many different arrows can
represent the same vector (xy,...,,), as shown in Figure 43|in the R? case. A point in R",
in contrast, has a fixed location but no direction or length. In physics, for instance, there are
many concepts (such as location) that are regarded as “point quantities,” and other concepts
(such as velocity and force) that are more naturally thought of as having direction and length.

In short, the difference between (z1,...,x,) and (x1,...,z,) is an artifice demanded by the
sciences and other fields in inquiry that use mathematics as a tool. Mathematics itself, however,
realizes many benefits by treating all n-tuples notationally as vectors, and letting context alone
tell us which vectors in an analysis are better pictured in the mind’s eye as points instead. The
practice of “treating all n-tuples as vectors” is carried out quite easily: any point z = (z1,...,x,)
in R™ is represented by (or converted to) the corresponding vector x = (x1,...,x,). We call the
vector x the position vector of the point x, since if the tail of the arrow for x is placed at the
origin o = (0, ...,0), then the arrow’s head will be located precisely at z. In this way the arrow
for x “points” to .

Many times throughout these notes we shall indeed notationally present all n-tuples as
vectors. The convenience of doing so is too great to pass up, and the mathematics is never
compromised by the practice. To aid the intuition, however, we may still refer to some vectors
as “points” wherever it seems good to do so.

Given two points x = (x1,...,2,) and y = (y1,...,yn) in R”, we can draw an arrow with
tail at x and head at y, and this arrow represents a vector denoted by ry. Since

y=(x1+ (@ — 1) T+ (Yo — Tn)),

FiGURE 43. Different arrows, all representing vector x.
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FIGURE 44.

it follows that
@): <y1_$17"'7yn_xn> =Yy X
In particular we have

5}:(1‘1—0,...,1‘“—0):<x1a---7xn>zx’

which is the position vector for x.

If p, ¢, and r are three points in R", and u = pq while v = ¢7, then it is straightforward to
verify that u + v = pr. That is, u, v and u + v are vectors whose representative arrows form a
triangle if their tails are placed at p, ¢, and p, respectively. See Figure {44}

There will arise occasions when many points, say m of them, must be referenced in an
analysis, and these will be denoted by employing subscripts: x1,Xs,...,X,,. Foreach 1 <k <m
the vector x; in R™ will be taken to have components given by

XE = <xk17'rk2a s 7xkn>‘

Another notational convention: In R? we will usually write x = (x, ) instead of x = (xy, 1),
while in R? we will usually write x = (z,y, z) rather than x = (21, 79, 3).
The magnitude or norm of a vector x € R™, denoted by ||x|, is defined to be

x| = vt + -+

Geometrically, ||x|| is the length of any arrow in R™ that represents x, as is easily confirmed by
use of the n-space version of the distance formula. In similar fashion, the direction of a vector
is just the direction of any one of its arrows.

Often it is desirable to obtain a vector that has the same direction as some given vector

x = (x1,...,x,), but with a magnitude equal to 1 (which is called a unit vector). This is
easily accomplished by dividing x by its own magnitude to get a new vector
. X
X=—".
x|

(Note: the “hat” accent ~ will often be used to denote a unit vector.) It’s easy to verify that x

1S a unit vector:
\/ >2 T 2
4+t <_")
H ||X|| ||X|| H (bS] ]|

Il :\
1

[l

<.CE1, R
||X||
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Notice we can write x = ||x||X, so that any vector can be broken down into a product of its
magnitude and direction.

The standard unit vectors in R? are i = (1,0) and j = (0,1), while in R?® they are
i=(1,0,0),j=(0,1,0), and k = (0,0, 1).

If x and y are two points in R", then the distance (specifically the euclidean distance)
between them is defined to be

_ _ )2 )2 =
Ix =yl = /=g + = = 3 ()

which is just a natural extension of the definitions of distance between points in R? or R? that
was given earlier.
Aside from giving vectors magnitudes and quantifying distances between vectors, the norm

operation | - || induces what’s called a “topology” on R", which for us starts with the idea of
an open ball. The open ball B.(a) centered at the point a = (ay,...,a,) with radius € > 0 is
defined by

\/ij1 (:13'1 — CLi)2 < 6} = {X e R": Hx — aH < 6}, (12_3)

while the corresponding closed ball is

B.(a) = {X eR"

B.a)={xe€R": |x—a| <e}.

These definitions are a generalization of the notions of an open and closed ball in R? given in
the previous section, only now we make use of vector notation. We are now ready to set down a
solid definition for what exactly it means to be an “open set” in R™.

Definition 12.5. A set U C R"” is open if, for each x € U, there exists some € > 0 such that
B.(x) CU.

Any point x in a set .S for which there can be found some € > 0 such that B.(x) C S is called
an interior point of S, so another way of defining an open set is to say it is a set that consists
entirely of interior points. The collection T of all the subsets of R™ that are open according to
Definition forms what is called the standard topology on R™. (In general, a topology
on any set of objects X is a collection of open subsets of X that satisfy certain properties.) In
particular R™ and the empty set & are open sets. It should be easy to see that the open balls
defined by are themselves open sets. The set of interior points of a set S is denoted by
S° or Int(S5).

A neighborhood of a point x € R™ is any open set that contains x. For instance B.(x) is a
neighborhood of x for any € > 0. We can now say that a set U C R" is open if and only if for
every x € U there exists some neighborhood N of x such that N C U.

Another important concept is that of a boundary point: a point x is a boundary point of
a set S if every open set that contains x contains at least one point in S and at least one point
not in S. Note that it’s possible for a boundary point of a set to not be an element of that set.
The set of boundary points of a set S is denoted by 95S.

Definition 12.6. A set is closed if it contains all its boundary points.
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A hard look at Definition [12.5] should convince you that an open set U must not contain any
of its boundary points, for if x € U were a boundary point, then no matter what ¢ > 0 we chose
we would not have B.(x) C U since B.(x)—being itself an open set that contains x—would
contain a point y ¢ U.

According to Definition [12.6], for any set S it must be that S U 9S is closed. Boundary
points and interior points taken together are called closure points, and it is common to define
S =SU0S and call S the closure of S (i.e. the set of closure points of S).

We call a point x a limit point of a set S if every open set that contains x contains a point
y € S such that y # x. All interior points are limit points, but not all boundary points qualify
as limit points. It’s actually a fact that a set is closed if and only if it contains all its limit
points.

Example 12.7. Consider the set S = (1,2) U {3} in R. Only those points in the interval (1,2)
are interior points. The points 1, 2, and 3 are boundary points. The closure points of S are
the points in [1,2] U {3} (all the interior points and boundary points put together). Only those
points in the interval [1,2] are limit points. A boundary point that is not a limit point is called
an isolated point, so here the point 3 is an isolated point. Now notice that S is not an open
set because not all of its points are interior points, and S' is also not a closed set because it does
not contain all its boundary points. A set that is not open is not necessarily closed! |

The Cartestian product (a,b) x (¢, d), called an open box, includes all points in the interior
of the rectangle pictured in Figure [1} but not the boundary points. In R?, just as any point x
in an open set U can be contained within an open ball B,(x) such that B.(x) C U, so too can
an open box (a,b) X (¢,d) be found such that x € (a,b) x (¢,d) C U.

In applications vectors may represent velocities, forces, or some other physical quantity, and
it’s often convenient to analyze a problem by moving vectors arrows around so that the initial
point of one arrow is located at the terminal point of another arrow. Other times it may be
expedient to place the initial points of all arrows at the origin of a chosen coordinate system.
The very definition of vector addition is motivated by physical considerations: when two or
more forces act on an object it turns out to be the case that, when the forces are expressed
in component form, the net force that acts on the object is equal to the sum of the vectors as
given by the rule (uq,us) 4+ (v1,v2) = (ug + v1, uz + vo) from above.

Before considering some specific examples, there is an important concept that needs to be
made clear. Imagine two objects, U and V, situated on a plane at the origin (0,0). Now, at
time t = 0, U starts moving at a constant velocity u = (3,2) (3 units to the right and 2 units
up, per second), and V' starts moving at a constant velocity v = (-2, —1). Letting U,, and V,,
denote the positions of U and V' at time ¢ = n, the situation is depicted in Figure 45 Suppose
someone is riding on object U and observing object V' over time. What does the person see? At
time t = 1, V is 5 units to the left and 3 units down from the location of U; at t = 2, V is 10 to
the left and 6 down; at ¢t = 3, V' is 15 left and 9 down. Thus, it appears to this person that V' is
traveling in such a way that it goes 5 units leftward and 3 units downward per second. (It may
even be that this observer is not even aware that U is moving!) We say that V' has a velocity of
(—5, —3) relative to U. By the same reasoning U has a velocity of (5,3) relative to V. As
for the “actual” velocity u of U, we sometimes say it is the velocity of U relative to the plane.
In many physical settings the plane is called the “ground”.
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FI1GURE 45. Objects in motion.

Suppose now we are told that an object W which also was set into motion from the origin
(0,0) at time ¢ = 0 has a velocity of w = (=5, —1) relative to U. Can we find w, the velocity of
W relative to the plane? At time ¢ = 1, W will be 5 left and 1 down from U (located at the
point Uy); at time ¢t = 2, W will be 10 left and 2 down from U (now located at Us), and so on.
If we plot the positions of W with this information, we can figure out that w = (=2, 1) (see
Figure 45| again). But this is simply the sum of w’ and u:

w +u=(-5-1)+(3,2) = (-2,1) = w.

Thus, in general, if we are told that an object U has velocity u relative to the plane and an
object W has velocity w’ relative to U, then to find the velocity w of W relative to the plane
we simply compute w’ 4+ u. Keep this in mind in the examples to come.

Example 12.8. In still air, a parachute with a payload would fall vertically at a terminal speed
of 40 m/s. Find the direction and magnitude of its terminal velocity relative to the ground if it
falls in a steady wind blowing horizontally from west to east at 10 m/s.

Solution. Set up a rectangular coordinate system with the positive z-axis pointing east and
the positive y-axis pointing up into the sky. The velocity vector of the parachute, once it attains
terminal velocity in still air, is (0, —40), while the velocity vector of the wind is (10,0). So,
the terminal velocity vector of the parachute in the wind will just be the sum of these vectors:
(0, —40) + (10,0) = (10, —40). This means for every 10 m the parachute goes east, it falls by
40 m. Calculating tanf = % gives 6 ~ 75.96°, so the parachute is drifting eastward along
a straight-line trajectory that makes a 75.96° angle with the ground. The magnitude of the

terminal velocity is
|(10, —40)|| = 1/10% 4 (—=40)? = V1700 m/s,

or approximately 41.23 m/s. [ |
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Example 12.9. A boat is towed with a force of 150 Ib with a rope that makes an angle of 30°
to the horizontal. Find the horizontal and vertical components of the force.

Solution. Let F represent the force exerted on the boat, where we're given that ||F|| = 150 Ib.
Then F = (F,, F,), where the horizontal and vertical components of F, which are F, and F,

are given by
V3

Fy = |[F|| cos = 150 cos 30° = 150 - =~ = 75V3 1b

and

F, = ||F||sinf = 150sin30° = 150 - = = 75 1b.

N —

We can write F = (75y/3 1b, 75 1b), or simply F = (75v/3, 75) if the use of pounds as a unit of

force is understood (the book is a little cavalier about this). |

~

Example 12.10. An ant is walking due east at a constant speed of 2 mi/hr on a sheet of
paper that rests on a table. Suddenly the sheet of paper starts moving southeast at /2 mi/hr.
Describe the motion of the ant relative to the table.

Solution. The motion of the ant relative to the table is simply the motion of the ant as it would
be perceived by an observer who is at rest with respect to the table. As usual, coordinatize
the scene by making the tabletop the xy-plane, with the positive z-axis pointing east and the
positive y-axis pointing north. This coordinate system will remain static in relation to the table,
and in such a system the velocity vector of the ant is a = (2,0) while the velocity vector of the
paper is p = (1, —1). The latter vector is justified by noting that southeast means 45° south of
east, so the velocity vector of the paper points 45° clockwise from our positive z-axis and has
length v/2 — meaning it is the hypotenuse of a classic 45°-45°-90° right triangle, which has legs
of length 1. Now, both a and p are vectors that affect the position of the ant, and the net effect
will be given by the sum of these vectors: a+ p = (3, —1). That is, for every 3 miles the ant
travels east, it will travel 1 mile south. To get an angle, calculate tanf = % to get 6 ~ 18.43°;
that is, the direction the ant is traveling is about 18.43° south of east.

Finally, we have
143, =1)|| = /32 + (=1)2 = V10 ~ 3.16 mi/hr

for the speed of the ant. |

Example 12.11. A solid ball of osmium weighing 200 N and located at the point p = (0,0, —10)
is suspended from three cables that are affixed to hooks located at points ¢; = (3,—8,0),
¢ = (3,6,0) and g3 = (—2,0,0), as shown in Figure Find the tension in each of the
supporting cables pqi, pgz and pgs.

Solution. The osmium ball is stationary, and therefore the forces acting upon it must cancel
out. If Fy, Fy and F3 are the forces exerted by the cables pgi, pga and pgs, respectively, and F,
is the force of gravity, then we obtain the equation

F; +F,+Fs+F, = (0,0,0). (12.4)
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FIGURE 46. Solid ball of osmium, worth more than its weight in gold.

Thus, the forces F; taken together constitute the “equal and opposite” force of the cables to the
pull of gravity. Let F} = [|Fy||, F» = ||F2|| and F; = ||F3||, which are the tension values that we
are to determine. It can be seen from Figure 6] that the direction of the force F; must be the
same as the direction of the arrow pg;, Fy must be in the direction of pg,, and Fsy must be in
the direction of pgs. Recalling that

F; = |Fi|F: = FF;

for each i, where F; = pq;/||pd;| is the unit vector which points in the direction of F;, we obtain

i 3,-8,10
F, - I, (|pQ1H> —F (%) ~ (0.228F, —0.608F}, 0.760F)
1

(3,6,10
FQ( >) (0.249F5, 0.498F, 0.830F%)

S

2

B‘BQ [
2

)-
Fu= 5 ()

F, = (0,0, —200

S

2 0 10
F3< Vit >> ~ (—0.196F3, 0, 0.981 F})

l

Putting all this into ((12.4)) gives a tidy little system of equations,

0 = 0.228F, + 0.249F, — 0.196F3
0 = —0.608F; + 0.498F;
0 = 0760 + 0830Fy + 0.981F3 — 200

Solving this system yields the tension values F} = 45.1 N, F5, = 55.0 N, and F3 = 122.4 N,
rounded to the tenths place. |
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12.3 — THE DoT ProbucCT

There are two common ways in which vectors can be “multiplied,” each way contrived to
yield practical results in the sciences. The easier kind of vector multiplication is called the
“dot product,” which is also known as the “scalar product” since the outcome of the product is
always a scalar quantity:.

Definition 12.12. Let x and y be two vectors in R™. Then the dot product of x and y is
given by

X-Yy=211 + XY+ -+ XY = Z%yz
i=1

Thus, if x and y are vectors in a plane, then

Xy = (w1, %2) - (Y1, Y2) = T1y1 + T2Yo.

Theorem 12.13. For any vectors x,y,z € R" and c € R,
lL.x y=y-x

2. x-(y+z)=x-y+x-2

3. (x) -y =clx-y)=x-(cy)

4. x-x>01ifx#0

Proof.
Proof of Part (2). We have

X-(y+2z) = (x1,. ., 2n) - (W1, 0n) + (21,5 20)
:<3?1,---,£En>-<y1+21,...,yn+zn)

= Z zi(yi + 2) = Z(%yz + z;2)
i=1

i=1

n n
:inyi+2xizizx-y+x-z,
i=1 i=1
using the well-known summation property

Z(ai +b;) = Zai—i—Zbi.

Proofs for the other dot product properties are left to the exercises. |

There is a nice geometrical aspect of the dot product that is made explicit in the following
theorem.

Theorem 12.14. Let x,y # 0 be vectors in R™, and let 0 < 6 < 7 be the angle between x and
y when they are represented as arrows with a common initial point. Then

x -y =[xyl cos 6.
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FIGURE 47.

Proof. It’s sufficient to present the proof assuming that x and y are nonzero vectors in R?,
since in higher-dimensioned spaces the proof’s structure remains the same. Let 0 < 6 < 7. The
representative arrows for the vectors may be positioned so as to form a triangle as in Figure [47]
where 6 is depicted as an acute angle.

By the Law of Cosines we obtain

I = ylI* = [1xI1* + [lylI* = 2l [y ]| cos ,

and since we're assuming that x = (x1, z2) and y = (y1, y2), we obtain x —y = (21 — y1, T2 — Y2)
so that
(@1 = 1) + (2 — 92)* = (27 + 23) + (37 +3) — 2||x|[[y] cos b,
and hence
|x[[|ly|| cos @ = x1y1 + x2y2 = x - y.

In the cases when 6 = 0 or § = 7 we find that y = kx = (kxy, kxs) for some nonzero scalar
k; that is, x and y are parallel vectors, and we have

<lllyll cos & = [[x]|[[kx]| cos = |k|(2] + 23) cos 6. (12.5)

If 6 = 0, then k£ > 0 so that |k| = k and cosf = 1; and if § = 7, then k < 0 so that |k| = —k
and cosf = —1. In either case, from (|12.5)) we obtain

<llllyll cos = k(i + 23) = (w1, 22) - (K1, ko) =x -y
as desired. ]

Example 12.15. Find the measure of the angle between x = (—3,7) and y = (5, —1).

Solution. We have
x-y=(=3)(5) + (7)(-1) = =22,

Ixll = /(=3)2 + 72 = V58,
Iyll = /3 + (-1 = V6.

—22=x-y = ||x]||ly|l cos § = V58V26 cos @ = 2V 377 cosb,
which gives cos = —22/2+/377 ~ —0.5665 and therefore
0 ~ arccos(—0.5665) ~ 124.51°

is the answer. [}

Thus
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7

FIGURE 48.

Example 12.16. Find the measure of the angle between the diagonal of a cube and the diagonal
of one of its faces.

Solution. The diagonals in question are shown in Figure along with the angle 6 between
them. It will be convenient to regard the cube as existing in R?, with edges of length 1, and
the vertex where the two diagonals meet situated at the origin (0,0,0). We can then set up
coordinate axes such that the cube diagonal has endpoints (0,0,0) and (1,1,1), and the face
diagonal has endpoints (0, 0,0) and (0, 1, 1). Thus the diagonals can be characterized as positions
vectors x = (1,1,1) and y = (0,1, 1). Now,

Xy <171a1><07171> 2

cosf = = =,
Ix|[lyll vI2+12+12V02+12+12 6
and so
2
6 = cos! (—) ~ 35.264°
V6
is the angle’s measure. |

Definition 12.17. Two vectors X,y € R™ are orthogonal if x -y =0, and we write x L y.
Proposition 12.18. If x,y # 0 are orthogonal vectors, then the angle between them is 90°.

Proof. Let x and y be nonzero orthogonal vectors. Since the vectors are nonzero they can
be represented by arrows with a common initial point, and so there is an angle 0° < 6 < 180°
between them. By Theorem [12.14] and the orthogonality of the vectors we obtain

1x[|[lyllcos = x -y = 0. (12.6)

Now, x,y # 0 implies that [|x]|, |ly]| # 0, so we can divide (12.6) by ||x||||y| to obtain
cos = 0, and therefore 8 = 90°. |

Definition 12.19. Let y # 0. The orthogonal projection of x onto y, proj, X, is given
by proj, x = ([|x[| cos 0)y.
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y y

FIGURE 49. v is the orthogonal projection of x onto y.

There is a rational explanation for this definition. Let x and y be vectors that make an
angle 0 < 6 < 90°, as on the left-hand side of Figure Consider the vector v in the figure.
We have cos = ||v||/]|x]|, so that ||v|| = ||x]|| cos@ is the magnitude of v, while the direction of
v is seen to be y. Hence

v = (||x[| cos 0)y = proj, x.

The right-hand side of Figure [49|illustrates the situation when 90° < 6 < 180°. We now
have ||v]| = [|x]| cos(180° — ) = —||x]| cos @, and the direction of v is —y so that

v = (=l[x[[cos 6)(=y) = ([|x]| cos )y = proj, x

once again.

If 6 = 90° it’s easy to verify that v = proj, x = 0, and the cases when 6 is 0° or 180° are
left to the reader to check. We see, then, that proj, x literally represents the projection of x
perpendicularly down onto y, much like a shadow that is cast by x when there is a light source
directly overhead.

Another notion that is hardly worth enshrining as a definition is that of the scalar com-
ponent of x in the direction of y, scaly, x = ||x||cosf. There is scarcely any point to
remembering this formulation since it comes packaged in proj, x,

proj, x = (scaly x)y;

nevertheless it is the sort of thing many mainstream textbooks get excited about so it needed a
mention.
Using y = y/[ly|| and ||x[| cos @ = (x-y)/|lyll, other formulations of proj, x are as follows:

o= (5 () = () = (G5 120

Proposition 12.20. The vector x — projy(x) is orthogonal to'y.

Proof. By Theorem [12.13(2) we have
(x — projy(x)) -y = x -y — proj,(x) - y,
and then by equation (12.7]),
Xy

X — proj, (x -y=X~y—(—)y-y=x-y—x-y:0.
(x = proi, () o

Therefore x — projy (x) Ly. [ |
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Example 12.21. Given x = (4,3,0) and y = (1,1, 1), express x as the sum x = p + n, where
p is parallel to y and n is orthogonal to y.

Solution. We start by obtaining p, which will be the orthogonal projection of x onto y:

] Xy 7 <7 7 7>
P = projy x <y.y>y LLY) =333

Now, x — p is orthogonal to y by Proposition [12.20] and since x = p + (x — p) we conclude that

T 5 2 7
n=x—p=(3.0~(5550=(355)

. <777>+<52 7>
X: n: N — —_ =
P 333/ 7\3'3" " 3

is the desired decomposition of x. |

That is,

Example 12.22. In physics the work W done by a constant force F when it displaces an
object by d is given as
W = ||F||||d]| cos@ = F - d.

The metric unit of work (and energy in general) is the joule, symbol J, written in terms of
other SI units as J = N - m = kg - m?/s?>. Depicted in Figure [50| is a situation in which
F = (7.5,9.5,8.5) moves an object from point p = (3,2,0) to ¢ = (9,12,0). Letting p = (3,2,0)
and q = (9,12,0), then we find that d = q — p = (6, 10,0), and so

W =F-d=(75095,85)(6,10,0) = (7.5)(6) + (9.5)(10) + (8.5)(0) = 140 J

is the work performed. [ |

T

FiGURE 50. The wonderments of work, in 3D no less.
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12.4 — THE CrOSS PrRoDUCT

Definition 12.23. The cross product of u = (uy, us,uz) and v = (vy,vq,v3) is defined as

Lok U U U U U U
2 . 1 . 1 2
UXV=|u Uy U3l = 31— 3_]—|— k
Vg Vs U1 U3 v V2
V1 Uy Vs

= (ugus — uzv2)i+ (uszvy — uyvs)j + (ugve — ugvy k.

Since the cross product of two vectors produces another vector, it is sometimes called the
“vector product”. Unlike the dot product which works in any R", the cross product only makes
sense in R3. That is, u x v can only be calculated if u and v are ordered triples, and it turns
out that if w = u x v then w is orthogonal to both u and v! Thus, the cross product is most
often used to find a vector that is perpendicular to any two given vectors.

Theorem 12.24. Let u and v be vectors in R, and let ¢ € R. Then
uxv=—(vxu)

ux (v+w)=(uxv)+(uxw)

c(luxv)=(cu) xv=ux(cv)

ux0=0xu=0

uxu=0

u-(vxw)=(uxv) w

2 S e

The proofs for the various properties of the cross product given in Theorem [12.24] are fairly
straightforward and are left to the reader.

Proposition 12.25. If w =u x v, then w.lu and wlv.

Proof. Suppose w = u x v. Then
w = (U3 — U3Vz, U3V — UIV3, UV — UgVq)
by definition of the cross product. By definition of the dot product,
W - U = (Ugv3 — uzVa)uy + (uzvy — ugvz)us + (Uve — ugvy )us

= U1U2V3 — UTU3V2 + U2U3V1 — UTULV3 + U1U3V2 — UU3V1

= (uguvs — uusv3) + (Uguzvy — usuzvy) + (Uguzve — Uyuzve) = 0.

A similar argument will show that w - v = 0. Therefore w_lu and w_Lv. |

It’s easy to verify that i x j =k, as you might expect in light of Proposition [12.25 But be
careful, because as Proposition (1) tells us the cross product is not commutative: jxi = —k.
Its quirks notwithstanding, the cross product was invented precisely because it models many
physical phenomena. The next theorem gives a couple more properties of the cross product that
require a little more work to verify.
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60°

X

FIGURE 51.

Theorem 12.26. Let u and v be nonzero vectors in R3, and let § be the angle between them.
Then

L fJux v|[ = [[u][||v] sin 6

2.uxv=0iffu=cv for someceR.

Example 12.27. A force F with magnitude 2000 N acts on a crankshaft that is 0.16 meters
long as shown at left in Figure [51] Find the torque on the crankshaft.

Solution. From physics, the torque 7 is a vector quantity given by 7 = r x F. The right

side of Figure [51] illustrates the situation in a conveniently placed coordinate system, so that
F = (0,0, —2000) and the position vector is

31
r = ||r|| = 0.16(0, cos 30°, sin 60°) = 0.16 <0, g §> = (0,0.08V/3,0.08).

Thus we obtain...

i k
r=rxF=1{0 0.08/3 0.08 | =(0.08V3)(—2000)i = —160v/3 i
0 0  —2000

That is, 7 = (—160+/3,0,0), and in particular ||7| = 277.1 N-m. [ |



290

12.5 — CYLINDRICAL AND SPHERICAL COORDINATES
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CURVES AND SURFACES

13.1 — VECTOR-VALUED FUNCTIONS

Definition 13.1. Let S C R and n > 2, and suppose xj, : S — R for each 1 < k < n. A
vector-valued function of one variable is a functionr: S — R" given by

r(t) = (z1(t), ..., za(t))
forallt e S.

We say r is continuous at to € S if for all € > 0 there exists some d > 0 such that, for any
tes,

[t —to] <0 = |r(t) —r(to)| <e.
Finally, we write

thj% r(t) =a

lim |[r(t) — af| = 0.

t—to

Proposition 13.2. Let r(t) = (z1(t), ..., z,(t)). If

lim z(t) = ay, ..., lim z,(t) = a,
t—to t—to

foray,...,a, € R, then
lim r(t) = (ag,...,a,).
t—to

Proof. Let ¢ > 0. For each 1 <i < n, since z;(t) — a; as t — ty, there exists some §; > 0 such
that

0<|t—to] <& = |zi(t)—a;| <e/v/n.
Choose
d = min{dy,...,0,}.
Suppose that 0 < [t — ty| < . Then

[2:(t) — a;]* < €/n
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for each 1 <7 <n, and so

|r(t) = (ar, ..., an)| = H<:171(t)—a1,...,xn(t)—an>H
= \/ [z1(t) — a1]? 2 (t) — an)?
) (Z ‘>/ (@
im1 ’
which completes the proof. |

The conclusion of Proposition [13.2]is most succinctly written as follows:

lim (z1(t), ..., z,(t)) = <hm xq(t),. .. ,tll)r?o .:En(t)> :

t—to t—to

Theorem 13.3. A vector function r(t) = (x1(t),...,z,(t)) is continuous at ty if and only if
the functions x1,...,x, are continuous at tg.

A curve in R" is a continuous vector-valued function r : 7 — R" for which the domain I C R
is an interval. For S C R", a curve in S is a curve r : I — R" such that Ran(r) C S. A planar
curve is a curve in a plane; that is, there is a plane P C R" such that Ran(r) C P. Clearly any
curve in R? is necessarily a planar curve. A curve that is not planar is called nonplanar.

Any set C' C R" for which there exists a curve r : I — R” such that Ran(r) = C' is also
called a curve, in which case we say that

t)=(z1(t),...,xa(t)), tel,

is a parametrization of C'. The independent variable ¢ is the parameter. Thus for each t €
the vector r(t) is the position vector of a point in the set C, which we naturally identify with
the point itself. In explicit terms, if (aq,...,a,) is a point on C, then there exists some tq € T
such that

r(to) = (a1, ..., a,).

A parametrized curve is a curve C for which a parametrization r(t), t € I, has been given.

FIGURE 52. Stereoscopic image of a helical curve.
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Common kinds of curves are lines, line segments, rays, circles, ellipses, parabolas, triangles,
rectangles, and helixes.

Example 13.4. A helix is a nonplanar curve in R? that coils around an axis rather like a spring.
An example of a helix is shown in Figure [52] and an example of a parametrization for the helix
is

= (3cos(3t), 3sin(3t),t), te€[0,27].

This is not the only parametrization possible! |

Example 13.5. The circle in R? lying in the zy-plane with center at 0 = (0,0,0) and radius 1,
which we will denote by C;(0), is simply the set of points

C1(0) = {(z,9,0) : 2* +9* = 1}.

The set C1(0) is in fact a curve, and it will become a parametrized curve once we give it a
parametrization r(t), t € I. Consider the following functions:

ri(t) = (cost,sint,0), t € [0,27] (13.1)
2(t) = (cos(—t),sin(—t),0), t € [0,2n] (13.2)
r3(t) = (cos2t,sin2t,0), t € [0, 2] (13.3)
ry(t) = (cost,sint,0), t € [0,4n] (13.4)

All four functions are continuous vector-valued functions on an interval domain, and therefore
all are curves. Moreover, since all the functions have range equal to C1(0), it follows that each
function is a parametrization of C;(0). [ |

Definition 13.6. Two parametrizations r and p are equal (writtenr = p) if Dom(r) = Dom(p),
and r(t) = p(t) for each t in the common domain.

Notice that this definition is just the definition for what it means to say any two functions
(vector-valued or otherwise) are equal. Now, the parametrization ((13.4)) doesn’t equal the others
since its domain is [0, 47| while the domains of (13.1)), (13.2) and (13.3) are all [0, 27]. To see
that the others differ from one another, note that ry(7/2) = (0,1,0), ra(7/2) = (0,—1,0), and
r3(7/2) = (—1,0,0). All different! Or just look at the “big picture”, and notice that (13.1])
goes once counterclockwise around the circle C1(0,0,0) as ¢ goes from 0 to 27, (13.2)) goes once
clockwise, and goes twice counterclockwise. Yes, also goes twice counterclockwise
like , but it does so more “slowly”: viewing ¢ as time in seconds, runs its laps in 27w
seconds whilst takes 41 seconds.

The nuances of the terminology are delicate here, and before going further they should be
sorted out. What we’ve just done is examine four different algebraic parametrizations (ry, ra,
r3, and ry) for the same geometric curve C1(0,0,0). In general if r is a parametrization for a
curve C', and the occasion warrants making a distinction between the two, we will refer to the
set of points C' as the “curve” and the function r as a “parametrization.”
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Let us now examine lines, remembering that two points uniquely determine a line. We begin
with the case of a line ¢ in R? containing points (g, o) and (z1,y;). Recall that such a line has
slope

m — Y1 — Yo ’
1 — X
generally referred to as “rise over run.” Starting from the point (zg,yo), we can arrive at any
other point (x,y) on ¢ by adding real numbers Az (the “run”) and Ay (the “rise”) to x¢ and yo,
respectively: (z,y) = (xo + Az, yo + Ay). But the rise over the run must equal m: Ay/Ax = m,
which is to say Ay = mAx. Thus

(,y) = (0 + Az, yo + mAzx) = (xo + Az, yo + %~ Yo Am).

Tr1 — X
Now, if we let ¢ € R be such that (z; — z¢)t = Az, we obtain

(7,y) = (l’o + (z1 — wo)t, Yo + il — io (71 — mo)t) = (zo + (x1 — 20)t, Yo + (y1 — wo)t). (13.5)
1 — 40

Since (z,y) is an arbitrary point on ¢, we find that all points on ¢ must be expressible as the
rightmost ordered pair in ((13.5]), and therefore

0= {(z0+ (x1 — 20)t, Yo + (Y1 — wo)t) : t € R}. (13.6)
The findings above motivate the following definition, which naturally extends the pattern in
to lines in R3.
Definition 13.7. The line in R3 containing points (zo, Yo, z0) and (x1,y1,21) is the set
L= {(mo + (21 — xo)t, yo + (Y1 — Yo)t, 20 + (21 — zo)t) te ]R} .
Define the vectors
ro = (%0, Y0, 20) and v = (z1 —Zo,Yy1 — Yo, 21 — 20)-
Then, for any t € R,
ro+tv= <x0 +t(x1 — o), yo + t(y1 — o), 20 + t(21 — z0)>
is the position vector of the point in the set L in Definition [13.7] and therefore
r(t) =ro+tv, tekR, (13.7)

is a parametrization for the line L. Behold how r(¢) = vt + r(, which is merely a rearrangement
of (13.7), bears a striking resemblance to the familiar old function f(z) = mz + b that models a
line in the zy-plane! We see that v, called the direction vector of the line L, takes the place
of slope m. Indeed, L is seen to be fully determined by its direction vector v and the point
(%0, Yo, 20) represented by ry.
An alternate parametrization for the line L that doesn’t look as much akin to f(z) = mxz +0b

is given by

T(t) =ro+tv, —oo <t < oo,
and still another is

F(t) =19 —2tv, —o0o<t<oo.
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Play with these, and notice that r, ¥ and ¥ all trace out the same line. The first two, you
might notice, move in the same direction along L, while the third parametrization moves in the
opposite direction. Thus a parametrized curve that traces a given curve (like L) has what’s
called an orientation. So again, any given curve (a set of points) in R? has innumerable
parametrizations, which is to say it can be traced by innumerable parametrized curves, each
parametrized curve having one of two possible orientations.

Related to a line is a line segment, which is a piece of a line with two endpoints.

Definition 13.8. The line segment in R> from py = (0, vo, 20) to p1 = (1,91, 21) 18 the set
[po, p1] = {(xo +t(x1 — o), Yo + t(y1 — Yo), 20 + t(z1 — zo)) 1 €0, 1]} )
This definition corresponds to the usual idea of a line segment in geometry. If we let
v = (T1 — Zo, Y1 — Yo, 21 — 20)

and (as before) ro = (g, Yo, 20), then a fine parametrization for the line segment in Definition
13.8]is given by
r(t)=ro+tv, tel0,1].

Example 13.9. Find a parametrization for the line L passing through (—1,4, —3) and having
direction given by (3,2, 3).
Solution. We have ry = (—1,4, —3) and v = (3,2, 3). So, referring to ((13.7)), we obtain

r(t) =(-1,4,-3) +1(3,2,3), teR,

or alternatively
r(t) = (—1+3t,442t,—3+3t), teR,
as a parametrization. -
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13.2 — THE CALCULUS OF VECTOR-VALUED FUNCTIONS

In keeping with the notion of derivative for a real-valued function of a single variable, the
derivative of a vector function r(t) = (x1(t),...,x,(t)) at ¢y is defined to be

o E(E) —x(to)
Clo =B,

(13.8)

provided that the limit exists. The following theorem furnishes an easy way to find the derivative
of r wherever it exists.

Theorem 13.10. Let r(t) = (x1(t),...,xn(t)). Then r'(ty) exists if and only if ) (to) exists for
all 1 < k <n, in which case
r'(to) = (21 (to), - -, a7, (to))-

Proof. Suppose that 1'() exists. Since

r(t) —r(to) _ <$1(t) — z1(to) T (t) — l"n(to)>

t—to t—to Y t—to
by (13.8]) and Proposition we obtain
1) — x(t L) — ., (t
r(ty) = <lim M’ ... lim M» (13.9)
t—to t—1g t—to t — 1o

and so the existence of r'(fy) implies the existence of each limit on the right-hand side. That is,

2(ty) = lim St = 2illo)

(13.10)
t—tg t— 1o
exists for each 1 <7 < n, and equations ((13.9)) and ([13.10]) taken together yield
r'(to) = (i(to), - -, 2 (t0))
as desired.
The proof of the converse is straightforward and so is left as an exercise. |
Example 13.11. The derivative of
r(t) = ((t+1)"" arctan(2t), In(t + 1))
s 1 2 1
' t) = <_ ) ) > )
r(t) t+1)2 1+42 t+1
recalling that arctan’(x) = 1/(1 + z?). [ |

We say that r is differentiable on an interval I if '(¢) exists for all ¢ € I. If, in addition,
r’ is continuous on I, then we say r is continuously differentiable on /. If [ is [a,b], or
some other interval that is not open, then we define r’ at the endpoints a and b by appropriate
one-sided limits,

r'(a) = lim —r(t) —1(a) and r'(b) = lim —r(t) — ()

t—at t—a t—b— t—> ’
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provided the limits exist. If r’(a) exists we say r is right-differentiable at a, and if r'(b)
exists we say r is left-differentiable at b. (Sometimes the symbols r’, (a) and r’_(b) to denote
right-hand and left-hand derivatives, respectively.)

Definition 13.12. Let I be an interval, and let r : I — R™ be a continuous function. We say r
is smooth on I if it is continuously differentiable on I, and v'(t) # 0 for all t € Int(I). We say
r is ptecewise smooth on I if I may be partitioned into subintervals I, ..., I, such that r is
smooth on I, for each 1 < k < n.

A curve C is called smooth if it admits a smooth parametrization, and piecewise smooth
if it admits a piecewise smooth parametrization. Whenever a curve is said to be smooth it is
assumed that any parametrization given for the curve is itself smooth.

Definition 13.13. If r'(t) # 0, then r/(t) is called the tangent vector for r at the point
corresponding to r(t). The unit tangent vector forr at r(t) is

)
0= wor

Example 13.14. Find the unit tangent vector for the curve given by r(t) = (sint, cost,e™"),
—m <t <, at the point r(0).

Solution. From r/(t) = (cost, —sint, —e™*) and the observation that ¢ = 0 at the point r(0),

we obtain
_ I‘/(O) _<1a07_1>_ L _i
T0) = e = v = v

as the unit tangent vector. |

Example 13.15. Consider the curve r(t) = (v/¢,1,t), t > 0. Find all the points on the curve
at which r and r’ are orthogonal.

Solution. We have

r'(t) = <2L\/i70’ 1>

for ¢t > 0. By definition r(¢) and r'(¢) are orthogonal when r(t) - r'(t) = 0, so we must find all
t > 0 for which

(Vi) (2%/%)+ (1)) +(1)(1) = 5+ =0

Clearly this only occurs for t = —1/2; but —1/2 is not in the domain of r, so we conclude that
r and r’ are never orthogonal. [ |

If u,v : I — R" are vector functions defined on some interval I, f : I — R is a scalar
function, and ¢ € R, then we define cu, fu, u+v, u-v, and u x v to be the functions given by

(cw)(t) = cult), (fu)(t) = F(Bu(t), (w+v)(E) = ult) +v(t), (-v)(t)=u(t)- V().

and
(ux v)(t) =u(t) x v(t)
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for all t € I. Notice that only u - v is not a vector function!

Theorem 13.16. Let I C R be an interval. Let u,v : I — R™ be vector functions and f : I — R
a scalar function such that u, v, and f are differentiable at t € Int(I).

1. Constant Rule: If ¢ : R — R™ is a constant vector function, then ¢’ = 0.
Constant Multiple Rule: If ¢ € R, then (cu)'(t) = cu'(t).

Sum Rule: (u+v)'(t) =u'(t) + V().

Product Rule: (fu)(t) = f'(t)u(t) + f(t)u'(t).

Dot Product Rule: (w-v)'(t) =u'(t) - v(t) + u(t) - v/(¢).

Cross Product Rule: (u x v)'(t) = u'(t) x v(t) +u(t) x v'(t).

Theorem 13.17 (Chain Rule). Let I,J C R be intervals. Let f : I — J andr:J — R™. If f
is differentiable at t € Int(I) and r is differentiable at f(t) € Int(J), then r o f is differentiable

at t, and
(ro f)'(t) =r'(f()f (t).
Proof. Since r maps to R™ there exist scalar functions z1,...,x, : J — R for which

r(7) = (z1(7),...,2,(7))

for all 7 € J. Suppose that t € Int(I), f(t) € Int(J), f is differentiable at ¢, and r is differentiable
at f(t). From the last supposition it follows by Theorem |13.10| that x; is differentiable at f(¢)
for each 1 <1 < n, and so by Theorem (the Chain Rule for scalar functions) we have

(wio f)(t) = i (f(1)f'(t) (13.11)
for each 7. Now, for any 7 € I we have
(ro f)(r) =x(f(1) = (x1(f(7)),- ... 2a(f(7))) = ((m10 ))(7),.... (20 0 [)(T)),
and hence by another application of Theorem [13.10) m together with equation ,
(ro f)(t) = ((z1of)(t), (fcnOf > <931 t), . an(F()f (1))
= <x'1(f(t)),---7$n 1)) f'(t) = f(t))f’(t)-
This completes the proof. |

AN e B
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13.3 — OBJECTS IN MOTION

Definition 13.18. Let I be an interval, and let the position of an object O in R? at time t be
given by r(t) = (z(t),y(t), z(t)) for allt € I. The velocity of O at time t is

v(t) =r'(t) = (2'(t), y' (), #' (1)),

with the speed being the scalar ||v(t)||. The acceleration of O at time t is

a(t) = v'(t) = (2"(t), y" (1), 2" (1)),

Example 13.19. Consider an object in motion along a cycloid trajectory as given by the
position function r(t) = (¢t —sint, 1 — cost), t € [0, 4.
(a) Graph the trajectory.

(b) Find the velocity and speed of the object. At what points on the trajectory does the object
move fastest? Slowest?
(c) Find the acceleration of the object and show that ||a(t)|| is constant.

Solution.

(a) The trajectory is seen to have a cusp at x = 27, which happens to be the point cor-responding
to t = 2m.

Y
2

| |

l 1 8 i T

(b) The velocity of the object is given by v(t) = r'(t) = (1 — cost,sint), and the speed is
v(t) = ||v(t)|| = \/(1 —cost)? +sin’t = v/2 — 2cost.

The object is moving fastest at the points where 2—2 cost = 4, which implies that cost = —1.
Solutions in the interval [0, 4] are ¢t = 7, 37, with corresponding points being (7, 2) and
(3m,2).

The object is moving slowest when 2 —2 cost = 0, which implies that cost = 1. Solutions
are t = 0,2, 47, with corresponding points being (0,0), (27,0) and (4, 0).

(c) Here a(t) = v'(t) = (sint, cost), so that

a(t) = [|la(t)|| = Vsin®t + cos’ t = 1,

a constant. [ |
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13.4 — ArRCc LENGTH

In all that follows in this section, and in any situation when the length of a curve C' is under
consideration, we assume that C' is given a parametrization r(t), t € I, that either never passes
through the same point on C' more than once (i.e. r is one-to-one), or else passes through only
a finite number of points on C' more than once. Thus, we wouldn’t entertain a parametrization
of an ellipse that runs twice around the ellipse if we're interested in determining the length of
the elliptical path.

Suppose a curve C' in R? has a parametrization given by the vector-valued position function
r(t) = (f(t),g(t)), t € [a,b], as depicted in Figure What is the length £(C') of the curve?
We could get a reasonable approximation by choosing points pg, p1, ..., pn, connecting them by
line segments [p;_1, p;] for 1 < i < n, and then summing the lengths of the line segments:

L(C)~ Y Llpi,pi). (13.12)

This so-called polygonal approximation approach, also depicted in Figure [53] should be
expected to give “better” results as the number of approximating line segments is increased.

The general procedure for arriving at a value for £(C') given a curve C that lies in a plane
now follows. Assume C' to be a smooth curve in R? with two endpoints (i.e. C' is a path with
a “beginning” and an “end”). Then C' admits a smooth parametrization r(t) = (f(t), g(t)),
t € [a,b]. Let P € Pla,b], which is to say that P is a partition of [a, b] by points g, t1, ..., t,,
with

a=ty<ti1 <ty <---<t,1<t,=0b,

to give subintervals [t;_1,t;] for 1 <i < n. Define x; = f(¢;) and y; = g(¢;) for each i, so that
pi(z4,y;) is the point corresponding to r(t;):

r(t;) = (f(t:), 9(t:)) = (@i, ys) = ps
If we let Az; = |z; — ;1| and Ay; = |y; — yi—1], then from Figure |54]it can be seen that
L(pi1,pi]) =/ (Azi)? + (Ays)2,

Yi (), 9O  pia
b2 4
b1 r(t) Pn
Po
0 T

FIGURE 53. A polygonal approximation of the curve C.
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FI1GURE 54. Determining the distance between p; 1 and p;.

and so from ((13.12))

Z\/ Az;)? + (Ay;)2.

As before, let ||P|| denote the mesh of the partition P; that is, if At; = |t; — t;_1| then
| P|| = max;<;<, At;. We define the arc length of C' (often just called the length) to be given
by

n

L(C) = lim > L([pi1,pi]) = HPMZ\/ (Az;)2 + (Ay,)2. (13.13)

1Pl —0 <=
=1

Referring to Definition , the smoothness of r on [a, b] easily implies that r is continuous
on [a, b] and differentiable on (a, b), which in turn implies that the component functions f and
g are both continuous on [a, b] and differentiable on (a,b). Thus f and g are continuous on
[ti—1,t;] and differentiable on (t;_1,t;) for each i. By the Mean Value Theorem, then, there
exists some 7; € (t;_1,t;) such that

piy = L=,

which gives x; — ;1 = f'(1;)(t; — t;_1), or equivalently Aacz f'(1;)At;. Similarly, there exists
some 7; € (t;_1,t;) such that Ay; = ¢'(7;)At;. Now ) becomes

~ lim Z\/f' (7)]2 At (13.14)

|P||—>0

A quick inspection of this equation suggests that

b b
=/ \/[f’(t>]2+[g’(t)]2dt=/ I/ (2)]] dt, (13.15)

but the sum on the right-hand side of is not actually a Riemann sum since, in general,
T; # 7;. It turns out that is in fact true, as given in the theorem that follows. The proof
of the theorem is included for the sake of completeness, but it will utilize the concept of uniform
continuity, which is not included in a standard calculus sequence. It can safely be skipped.

Theorem 13.20. Ifr(t), t € [a,b], is a smooth parametrization of a curve C, then

b
- / o
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It will suffice to prove the result for C' C R?, so that r(t) = (f(t), g(t)) and £(C) is given by

g
(13.15)), since the treatment in the case when C’ C R3 and r(t) = (f(t),g(t), h(t)) is formally
the same.

Proof. We start by showing that

|P||Ho (Z \/f/ ()] )P At — Z \/ [f'(7:)] (7:)]? At) =0. (13.16)

To accomplish this we show that, for every e > 0, there exists some ¢ > 0 such that, if P € Pla, b]
with 0 < || P|| < 6, then

Do V@) + g/ G2 At — Z VU@ + 1o/ ()2 A
Fix € > 0. Define F': [a,b] X [a,b] — R by

Fu,0) = /[f'(w)]? + [¢/(0)]2.

Since r is smooth on [a,b], both f’ and ¢’ are continuous on this interval, and thus F is
continuous on [a,b] X [a,b]. Now, since [a,b] X [a,b] is a closed and bounded set, it follows
that F' is uniformly continuous on this set, and so there exists some ¢ > 0 such that, for any
(u1,v1), (ug, v2) € [a,b] X [a,b] with |(u1,v1) — (ug,v9)| <, we obtain

€

(b—a)

Now, suppose that P € P[a,b] is such that 0 < ||P|| < d. For each 1 < i < n we choose
sample points 7;,7; € [ti-1,t] C [a,b], so (1, 7), (7, 7i) € |a,b] X [a,b], and by the distance
formula

|F(U1,U1) — F('UQ, 1)2)’ <

(73, 7)) — (73, 73)| = \/(Tz‘ — )+ (T —m)?=n -7l <AL <P <.

Hence |F(7;,7;) — F(7i,7;)| < €/(b— a) holds for each ¢, and so

(7)) + [9/ (7)) At —Z\/ ()2 + [o(7)]2 At
B Z \\/[f'(n-)P + [g'(7)]? - \/[f’(ri)P 4 [g/@.)]z‘ At

— Z |F(13,%;) — F(mi,m)| At;

<Zb_aAt— — (b—a) €,
which proves (|13.16]).
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Now, the function \/[f’(t)]? + [¢/()]? is continuous and therefore integrable on [a, b], which
means the limit

‘ggoz\/ff )2+ [¢(7)]2 Aty _/ VI ()] (t))2dt (13.17)

exists in R. Thus, adding equations ((13.16)) and (13.17]) together and employing the appropriate
limit law, we obtain

u}iﬁioz VIr@P+ g = / Vi ®)Fdt,

whereupon a reference to equation ((13.14) completes the proof. |

Example 13.21. Find the length of the curve C given by r(t) = (¢*,2t,In(¢)), 1 <t < e.

Solution. First, we have r/(t) = (2¢,2,1/t), and so

I ()] = /(2002 + 22 + (1/6)2 = \ /42 +- 4+ 1/12 = \/tl2 (484 + 4¢2 1+ 1)

1 262 + 1 1
= V@212 = — + -
Next, we compute
e e 1 .
= [iwna= [ (e 3) =[] =
using Theorem [13.20] -

Example 13.22. Find the length of the curve C' given by

1.8
r(t) = <§t2, g(t + 1)3/2> . 0<t<2.

Solution. First we have

2 2
:/ ||r’(t)||dt:/ V2 + 16t + 16dt
0 0
2 10
= / /(t +8)% +48dt = Va2 + a?dx, (13.18)
0

8

where we make the substitution x =t + 8 and let a = v/48. Let’s forget the limits of integration
for the moment and make the substitution x = asec#, so that

/\/x2+a2dx:/\/a25e020+a2-asec@tan€d9:a2/|tan9|sec@tan0d9,

where the identity sec?§ + 1 = tan?# is used. In our integral for £(C) we have 8 < z < 10,
which implies that 8/a < secf < 10/a and therefore secd > 0. Thus, regarded as an angle,
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6 is ensconced in Quadrant I (i.e. 0 < 6 < 7/2), which informs us that tanf > 0 and hence
|tan 6| = tan . We press on...

/v:v2+a2dx:a2/tan@sec@tan9d9:48/tanQQSeCHdQ.

The integral on the right-hand side was determined in an example in section 8.2, so that

Otanf 1
/\/x2 +a?dx = 48 [% — §ln\sec6+tan6\ +K}

for arbitrary constant K. From sec = x/a we construct the triangle

T
2

T2 — a?

a

which reveals that tan 6 = V22 — a?/a. Noting that a = v/48 = 44/3, we progress...
/\/av2 + a?dr = 24secfHtanf — 24 In(secl + tan ) + K
24 2 _ 2 2 _ 2
_ 2V’ —a? W_241n<z+u> K

a? a a

2 4 A/ r2 _— 4
_ Ve —48 24 1n R + K (13.19)
2 4/3
Let F(x) be (13.19) with K = 0. Referring back to ((13.18)), we obtain
L(C) = F(10) — F(8)
10v/52 10 + v/52 8v/16 8+ V16
= —24In| ———— —|— —24In| ———
2 43 2 44/3
10vi3—2amn 253 64 04mv3
23
2 1
— 241n Jﬁ-i +10V13 — 16 = 10v/13 — 16 — 241n 5+ VI3 :
5+ V13 6
using the property that In(u/v) = —In(v/u). [ |

A geometric property of a smooth curve C' is a property that is independent of the smooth
vector function r that is chosen to parametrize C. That is, different smooth parametrizations of
C either result in no change in the property’s value, or else a mere change in the value’s sign.
The unit tangent vector T of section 12.6 is one such property. Another is the arc length £(C')
we have just defined.

Often the most convenient way to parametrize a curve C' is by arc length. A curve C' is
parametrized by arc length if it has parametrization r(s), s € I, such that for every s, s1 € [
with sg < s; we have

ﬁ(r([so, 51])) = E([so, 51]);
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that is, the piece of the curve given by r(s), s € [so, s1], has arc length equal to the length of
[s0, $1], which of course is just s; — s¢. In particular, if [ = [a,00) and s > a, then the curve
given by r(u), u € [a, s], has arc length of s — a. Finally, if a = 0 as is most typical, then the
curve given by r(u), u € [0, s, has arc length s.

The next objective is to fashion a way to take any given smooth parametrization r(t), ¢t € I,
for a curve C' and obtain a parametrization in terms of arc length s. Such a “re-parametrization”
procedure is common in the study of curves.

By Theorem , if r(t), t € [a,00), is a smooth parametrization for a curve C, then for
each t > a the arc length s(t) of the curve given by r(u), u € [a,t], is

t
s(t) = / ¥ ()| du. (13.20)
From this we obtain .
/ d / /
S0 = 4 [ Il du =[x (13.21)

by the Fundamental Theorem of Calculus, since the smoothness of r on [a,00) implies the
continuity of ||r’[| on [a,00). Now, if r(t), ¢t € [a,00), happens to already be a parametrization
for C'in terms of arc length, then for each ¢ > a the arc length s(t) of the curve r(u), u € [a, t]
is t — a. That is,

t
t—a= [ )] du
by (|13.20)), and differentiation leads by the Fundamental Theorem of Calculus to

I ()] = %/ I ()] du = (t —a)" = 1.

Replacing ¢t with s, we have proven the forward implication of the following result.

Proposition 13.23. Let C' be a smooth curve. Then r(s), s € I is a parametrization for C' in
terms of arc length if and only if |¥'(s)|| =1 for all s € I.

Proof. Only the reverse implication remains to be proven. Suppose |[r'(s)|| =1 for all s € I.
Let sg,s; € I with sg < s;. By Theorem [13.20] the length of the piece of the curve C' given by
r(s), s € [so, s1], denoted by r([so, s1]), is

L(x([s0,51])) = /81 |x'(s)]|ds = /s1 ds = s1 — 59 = L([s0, 51])-

S0 S0

Therefore r(s), s € I is a parametrization for C' in terms of arc length. |

Equation ([13.20) is the key to finding a parametrization of C' in terms of arc length s given
a parametrization in terms of some other parameter ¢, as the next example illustrates.

Example 13.24. A curve C is given by the parametrization
r(t) = (12,262 4t%), t € [1,4]. (13.22)

Find a parametrization of C' in terms of arc length.



306

Solution. For each 1 < ¢ < 4, the arc length s(t) of the curve given by r(u) = (u?, 2u?, 4u?),
u € [1,t], is

s(t):/1 Hr’(u)“du:/1 H(2u,4u,8u)|\alu:/1 vV 84u? du
:@/tudu:zm[;uzﬁ VAL - 1),

by equation ([13.20). Thus when ¢t = 1 we have s = 0, and when ¢t = 4 we have s = 15y/21. That
is, 1 <t < 4 corresponds to 0 < s < 15/21. Solving

s =V21(t* — 1)

for ¢? yields
s

v21
and so from the original parametrization ([13.22)) for C' we obtain a new parametrization in
terms of arc length s:

t? =

+ 1,

S 2s 4s
s) = + 1, + 2, +4>, s € 0,15V21],
p(s) <\/21 V21 V21 [ }

which is a new function entirely and so is named p instead of r. |
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13.5 — CURVATURE AND NORMAL VECTORS

The unit tangent vector T(t) = r/(¢)/||r'(¢)|| introduced in section 12.6 is a vector function
that indicates the direction that a curve C' parametrized by r(t) = (z(t), y(t), z(t)) is heading at
each point where 1r'(¢) is defined and nonzero (i.e. at any point where C' is “smooth”). So at
the point (z(t),y(t),z(t)) € C the curve is heading in the direction given by the vector T(t).
As an encore, we’d like a way to quantify a couple other properties of C' wherever possible: (1)
How “bent” is C' at a given point; and (2) in what direction is r(t) “bending” at that point?
The measure of the first property is called curvature, while the second property is given by what
is called the principal unit normal vector.

Definition 13.25. Let C' be a smooth curve parametrized in terms of arc length by r(s), s € I.
The curvature of C at r(s) is
k(s) = [T'(s)|l -

More generally, if C' is a curve with smooth parametrization r(t), ¢t € I, then we will use the
symbol x(t) to denote the curvature of C' at r(¢). Then, if p(s), s € J, is a parametrization for
C in terms of arc length, and we define s : I — J by s = s(t) as in equation such that
r(t) = p(s(t)) for all t € I, then it becomes clear that

k(s) = k(s(t)) = K(t). (13.23)
—— ——
Curvature at p(s(t)) Curvature at r(t)

What remains to do is develop a useful formula for computing «(¢) when ¢ is not the arc length
parameter.

Theorem 13.26. Let C' be a curve with smooth parametrization r(t), t € I. Then

)
0= Tl

for any t € I such that ||r'(t)]| # 0.

Note from Definition [13.12 that if r(¢), ¢ € I, is given to be smooth, then ||r/(¢)|| # 0 for all
t € Int(I). That is, ||r'(¢)|| = 0 may only be the case if ¢ is an endpoint of the interval I.

Proof. Let p(s), s € J, be a parametrization for C' in terms of arc length. Define unit tangent
vector functions T and T by

R0
T = o]
fort € I, and
~ . pls)
T =176

for s € J. By (13.20) arc length s can be cast as a function of the parameter t so that
r(t) = p(s(t)) for all t € I, and in particular

T(t) = T(s(t)) = (T o 5)(¢).
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Differentiating and employing Theorem gives

T'(t) = (Tos)(t) = T'(s(t)s'(t).

T'(s(1)) ||/ (¢)]], since s'(t) = |x'(¢)]| by equation ([3:21). Now, if

From this we obtain T'(t) =
= 0, then

t € I is such that ||r'(¢)]|
T'(t)
e (t) ||’

T(s(t) =
and by equation we finally have
wlt) = r(s(0) = [P = || = T

as was to be shown. [ ]

Example 13.27. Find the curvature of the circle with radius R.

Solution. The circle may be centered at the origin and thus parametrized by

r(t) = (Rcost, Rsint), t € 0,2n].

We have
r'(t) = (—Rsint, Rcost),
so that
() = r'(t) _ (—Rsint, Rcost) _ R(—sint, cost) _ (—sint, cost)
I’ (2)]] \/R2 sin?t + R*cos®t R
and hence

T'(t) = (— cost, —sint).

Finally we obtain

k(1) = [Tl \/m 1
IO R R

forall 0 <t < 2m. [ |

In light of Example [13.27], we see that if a curve C' has curvature x at some point p, then
that means the curve “bends” to the same degree as a circle of radius 1/k at p. Hence a greater
curvature value corresponds to a circle of smaller radius; that is, the larger x is at some point p
on C', the more “bent” C'is at p.

Example 13.28. Let ' be a curve with parametrization
r(t) = (cosht,sinht, t), t € (—o0,00).

Find the curvature of C at r(t) for all t € (—o0, 0).
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Solution. Let —oo < t < oo be arbitrary. We have
r'(t) = (sinh ¢, cosht, 1),
and thus

I*'(t)]| = V/sinh? ¢ + cosh®t + 1 = v/2cosh?t = V2 cosh,

using the hyperbolic identity cosh?t — sinh*¢t = 1 and recalling that cosht > 0 for all ¢ € R.

Now,
r'(t) (sinht, cosht, 1)

1
T(t) = = = —(tanht, 1,secht),
O W0l ™ Vaeosht V3! )
whence . .
t
T'(t) = —(sech®t,0, — tanh t sech t) = >ee secht,0, —tanht),
(t) \/§< ) 7 ( )
and finally
ht ht 1
1T (8)|| = T Vsech? t + tanh? ¢ =

V2 V2 B V2cosht’
using the hyperbolic identity sech?¢ + tanh®t = 1. By Theorem [13.26| the curvature of C' at r(¢)
is

[T ()] 1 1 1 sech? ¢
K(t) = = = —= :
/()] V2 cosht/\/2cosht 2 cosh” t 2
or equivalently
2

= —
(1) (et +e~t)?’
recalling the definition secht = 2/(e' 4+ e7"). [ ]

Example 13.29. Find the point at which f(z) = e* attains a maximum curvature, and then
find the maximum curvature.

Solution. The vector function r(t) = (t,e'), t € (—00, 0), yields the same curve. We have

Y(t) = (1e) and (1)) = VIT e,

) 1 oty — 1 et
TO=wor = iz <¢1+ezt’ ¢1+ezt>’

so that

which yields

, €2t et et .

and thus , .
, B e T €
HT (t)H - (1 4 62t)3/2 e + 1= 1 4 egt'
Finally we obtain
@l e 1 ¢’

t) = = . =
R R R AV e A (R

as the curvature of the curve at the point (¢, e").
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To find the value of ¢ for which () attains a maximum value, we first find &'(¢):
o (14 €2)3/2et — et - 3(1 + e*)1/2 . 2e* et — 2¢3
K'(t) = = :
(1 + e2t)3 (1 + e2t)5/2

Now we set «/(t) = 0 to obtain

et — 2e3t
(1 + e2)5/2 =0,

and hence
el —2e* = 0.

From this comes the equation e* = 1/2, which has solution
1 1 In(2
t = —1n<—>: _In( )
2 2 2
Thus the curve has maximum curvature at the point

(A2)-( M ) (2, 3

The value of the maximum curvature is

efln(Z)/Z 1/\/§ 2\/3

k(—3In(2)) = 4o m@P?  (1+1/2372 9

This is about 0.385, which is a curvature corresponding to a circle with radius approximately
2.60. |
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13.6 — PLANES AND QUADRIC SURFACES

The solution set S C R? of an equation of the form
A2 4 Agy? + As2® + Ayzy + Asaz + Agyz + Az + Agy + Agz 4+ A1g =0 (13.24)

is called a quadric surface in R3. Here A, ..., Aj represent constant coefficients, with at
least one of Ay, ..., Ag not equal to 0. (If Ay,..., Ag are all 0, then the solution set for ([13.24)
is either R® or @ depending on whether A;q is 0 or not.)

Example 13.30. In §12.1 we found that the sphere with center (a, b, ¢) and radius r is the set
of points (z,y, z) € R? that satisfy the equation

(x—a)* +(y—0)*+ (2 —c) =12
As this equation may be written as
22y 22— 2ax — 20y — 2cz 4 (a® + V2 4+ ) —r? =0,

we see that a sphere is a quadric surface for which A; = Ay = A3 =1, Ay = A5 = A = 0,
A7 = —2a, Ag = —2b, Ag = —2¢, and Ay = a® + b* + ? — r2. [ |
Definition 13.31. The plane in R3 containing the point py = (xo, o, 20) and having normal
vector n = {(a,b,c) # 0 is the set

{peR’:n pp=0}.

If plane P has normal vector n; and plane () has normal vector ny, then P is parallel to ()
(written P || Q) if ny || ny, and P is perpendicular to @ (written P L Q) if n; L ny. Also,
a vector v is parallel to a plane with normal vector n if v I n, and v is orthogonal to a
plane with normal vector n if v || n. We see that by definition a normal vector for a plane is
orthogonal to the plane. Finally, it is straightforward to check that if P is a plane containing
points p and ¢, then v is parallel to P if and only if v is parallel to pq.

Proposition 13.32. The plane determined by the point po = (xg, Yo, z0) and normal vector
n = (a,b,c) is given by the equation

a(z —xo) +b(y — vo) + c(z — 20) = 0. (13.25)

This means that the solution set of the equation ((13.25]) is equal to the set of points given in
Definition [13.31] It also means that a set P C R? is a plane if and only if it is the solution set
to an equation of the form ax 4 by + cz = d, where a, b, ¢, and d are constants such that a, b,

and ¢ are not all zero. Thus planes, like lines in Chapter 12, could be defined in terms of point
sets without any mention of vectors.

Proof. For any p = (z,y, z) we have
H'W:0<:><avb7c>'<‘T_x07y_y07z_z0> =0

& a(r —x0) +0(y — o) + c(z — 2) =0,
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and we’re done. [ |

The equation x = 0, which defines a line in R?, defines a plane in R3. If we write it as
1(x —0)+0(y—0)+0(z—0) =0,

it can be seen that x = 0 is the plane determined by the point (0,0,0) and normal vector
(1,0,0). This plane is the set of points {(z,y,z) | © = 0}, which is otherwise known as the
yz-plane. Similarly, y = 0 is the xz-plane, and z = 0 is the xy-plane. See Figure [55]

In general three noncollinear points uniquely determine a plane, as illustrated in the example
that follows.

Example 13.33. Find an equation of the plane that contains the points py = (—1,1,1),
p1 = (0,0,2), and ps = (3,—1,—2).

Solution. We need to find a normal vector n for the plane, which is a vector such that n-pyp = 0
for all points p in the plane. Recall that the cross product of two vectors u and v yields a vector
w that is orthogonal to both u and v. The vectors of interest here are pop; = (1, —1,1) and
pops = (4, —2,—3), where

T L R T T T T T B PR
popr Xpop2 = (1 =1 1| =| o ,li—|, li*t|; ok
L o 3 2 -3 4 -3 4 -2

=5i—T7j+ 2k = (5, —7,2)

We let n = (a, b, c) = (5, —7,2), which, together with (a,b,c) = (—1,1,1) and Proposition [13.32
enables us to obtain the equation

S5(x+1)—T7(y—1)+2(z—1) =0,
or ox — 7y + 2z = —10. |

It might be asked how we know that the vector n found in this example really is “the” normal
vector for the plane. The reasoning is as follows. If vector n’ is the normal vector for the given

Za Z )

QE‘
Q:‘

T i

FI1GURE 55. Parts of the zy-, xz- and yz-planes in green, red and blue, respectively,
as viewed from Octant I.
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FIGURE 56. An ellipsoid.

plane, then n’ must (by definition) be orthogonal to both popy and pops, and thus n’ must be
parallel to n = (5,—7,2). This means that n’ = kn for some k # 0. Now, the set of points p
which satisfy n’ - pop = 0 must be the same set that satisfies n - pop = 0, since

n - pp=0 & (kn)-ppp=0 & kn-pp)=0 < n-pp=0.

Corollary to this analysis is that, given a point py and nonzero vector n, the plane that is
determined is not altered if n is replaced by some parallel vector kn (k # 0 of course).

From a geometrical standpoint it should be clear that the intersection P N Q) of two planes
P and @ in R? can only be one of three things: P N @ can be a plane if P = @, and then
PNQ=P=Q;or PNQ =@ if P # Q but P is parallel to ); or PN can be a line if P and
@ are not parallel. The next examples illustrates this third (and most common) situation.

Example 13.34. Find an equation of the line where the planes P : x + 2y — 3z = 1 and
Q@ :x+y+ z =2 intersect.

Solution. It’s easy to see that P and () are not parallel, so they must intersect on a line. The
intersection of P and the plane z = 0 is the set of points on the line ¢y : x + 2y = 1, and the
intersection of () and z = 0 is the line £ :  +y = 2. So the point that is an element of £y N £
must be a point in P N Q. We find this point by finding the solution to the system x + 2y =1,
x +y =2, which is (3, —1). Thus (3,—1,0) € PN Q, since we are on the plane where z is 0.

Next, the intersection of P and the plane z = 1 is the line ¢; : £+ 2y = 4, and the intersection
of @ and z = 1 is the line ¢} : z +y = 1. Again, a point in ¢; N ¢} is a point in P N Q. The
system x + 2y = 4, x +y = 1 has solution (—2,3), and thus (—2,3,1) € PN Q (recall we’re now
on the plane where z is 1).

So the line of intersection for P and ) contains points o = (3, —1,0) and r; = (—2,3,1).
Let v =71gr7 = (—5,4,1). An equation for the line is thus

r(t) =ro+tv=(3,—-1,0) +¢(-5,4,1),

or simply
r(t) = (=5t + 3,4t — 1, 1),
for —oo < t < o0. [ |
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PARTIAL DERIVATIVES

14.1 — MULTIVARIABLE FUNCTIONS

A real-valued function of several variables, or multivariable function, is a function f
for which Dom(f) = D for some D C R™ (where n > 2), and Ran(f) C R. Thus, for each
(x1,22,...,2,) € D we have f(x1,22,...,2,) € R, and we write

f:DCR" >R,

Unless other considerations are in play that give us cause to restrict the domain of a function f
to some smaller set, we take Dom(f) to be the set

Dom(f) = {x e R": f(x) € R},
where we make use of the symbol x to denote (z1,...,x,) as described in §13.0. Thus

Ran(f) ={y € R:y = f(x) for some x € Dom(f)}

= {f(®) : x € Dom(f)}.

Most times we will be working with either a function of two independent variables x and y
(so Dom(f) is in R?), or three independent variables z, y and z (so Dom(f) C R?).

Example 14.1. The function f : D C R? — R is defined by the rule
fla,y) = /36 — 922 — 442,
Find the set D for which D = Dom(f), and then find Ran(f).

Solution. By definition we have

Dom(f) = {(z,y) € R* : /36 — 922 — 4y2 € R},

which requires that (z,y) be such that 36 — 922 — 4y > 0, and hence 922 + 4y < 36. Dividing

by 36 gives
22
— 4+ =<1
4+9_’
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and since x?/4 + y?/9 = 1 is an ellipse centered at the origin with vertices at (—2,0), (2,0),
(0, —3), and (0, 3), it’s concluded that Dom( f) consists of all points lying either on the ellipse
or in the region bounded by the ellipse, as shown in Figure [57]

As for the range of f, first note that 922 + 4y? > 0 for any (z,y) € R?, and then

— 922 — 4y <0 = 36-92° —4y* <36 = 0< /36— 922 —4y2 <6,

That is, 0 < f(x,y) < 6 is always the case, which shows that Ran(f) C [0,6]. Now, suppose
that z € [0,6]. We would like to find some (z,y) € Dom(f) such that f(z,y) = z; that is,

V36 — 922 — 492 = 2,

or equivalently
2% =36 — 922 — 4y

To simplify matters suppose that y = z, so that 22 = 36 — 132%. Because z € [0, 6] implies that
36 — 22 > 0, it is possible to solve 22 = 36 — 1322 to obtain real-valued solutions for z:

36 — 22 /36 — 22
2 _ 132 2 _ -+ '
z 36 3 = «x 3 = 3
(2.4) = \/36—22 \/36—;:2
Ty = 13 13

is a point in the domain of f that is easily verified to give f(x,y) = z, so z € Ran(f) and we
have shown that [0,6] C Ran(f). Therefore Ran(f) = [0, 6]. [

Therefore

Example 14.2. Find the domain and range of g(z,y) = arcsin(z + 2y).

Solution. The domain of g will be dictated by the domain of the arcsine function, which is
[—1,1]. Thus,

Dom(g) = {(z,y) : ~1<a+2y <1} ={(z,y) : —5v—3<y< —ze+3}, (141)

as shown in Figure [58|

ﬁkDom(f)
A
T

FIGURE 57. Left: The domain of f. Right: The part of the surface z = f(z,y)
that lies over the square pictured on the left.
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FiGURE 58. The domain of g.

As for the range of g, consider the cross-section of the domain that we obtain when we set
y = 0. We obtain g(x,0) = arcsin(z), and from (14.1)) it’s seen that —1 < x < 1. It’s known
that as x increases from —1 to 1, arcsin(z) increases from —7/2 to /2. Thus g(x,y) attains all
values in the interval [—m/2,7/2], and since it’s also known that this constitutes the entirety of
the arcsine function’s possible output, we conclude that Ran(g) = [—7/2,7/2]. [

Example 14.3. Find the domain and range of

VT +y—3
hz,y) = —F——.
r+y—9
Solution. To avoid division by zero and square roots of negatives, we need
Dom(h) = {(z,y) : x+y>0and z+y # 9},

which is the region in R? shown in Figure
To find the range of h, it helps to carry out the following manipulation:

vet+y—3 vr+y—3 1

hx, — = = s
(z.9) (Ve F+y)?2-32 (r+y-3)zr+y+3) Vr+y+3
Y,

12
-3 Nk

FIGURE 59. The domain of A.
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for z +y # 9. It can be seen that the global maximum value of h is h(0,0) = 1/3, and then as
x +y — oo we have h(x,y) — 0F; however, since z + y # 9, it follows that h(x,y) cannot ever

equal 1/(v9+3) = 1/6. Hence Ran(h) = (0,2) U (3,1]. [ |
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14.2 — LiMITs AND CONTINUITY

The definition of a limit for a function of two variables is similar to that for a limit of a
single-variable function. Remember that to say a limit “exists” means that it equals some real

number [

Definition 14.4. Let (a,b) be a limit point of Dom(f) C R%. Then f has limit L € R as (z,y)
approaches (a,b), written
lim f(z,y) =L,

(z.y)—(a,b)
if for any € > 0 there exists some 6 > 0 such that, for any (x,y) € Dom(f),

0<\/(:p—a)2+(y—b)2<5 = |f(z,y) — L| <e.

It is necessary to require that (a,b) be a limit point of the domain of the function f so as to
avoid undesirable situations where, say, f(z,y) = /= + y has all real numbers as its limit at the
point (—1, —1), even though f isn’t defined anywhere near (—1, —1)! (This can happen because,
in formal logic, the statement “If P, then Q" is considered true, by default, whenever P is false.)

Using the notation established at the beginning of §13.0, we now define the limit of a
real-valued function f of n independent variables z1, ..., x,, which is to say Dom(f) C R" and
flzy,...,z,) €ER.

Definition 14.5. Let ¢ be a limit point of Dom(f) C R™. Then f has limit L € R as x
approaches c, written

lim f(x) = L,

X—C

if for any € > 0 there exists some 6 > 0 such that, for any x € Dom(f),
O0<|x—cl|<éd = |f(x)—L|<e

If n =1 in Definition then we obtain the definition of limit given in §2.2 (for which x
becomes x and ¢ becomes ¢). If n = 2, then we obtain Definition [14.4]

To evaluate a limit of a function of two independent variables using Definition directly
requires constructing a so-called e-0 argument, illustrated in the following example.

Example 14.6. Prove that
322y

m —— =0
(z,y)—(0,0) T2 + 12

Solution. First observe that the domain of the function
3xy
flz,y) = 212

is R?\ {(0,0)} (i.e. all of R? except for the origin), so as (z,y) approaches (0,0) it always
remains in Dom(f).

108ometimes we say a limit “exists in R” to emphasize this, or to be more specific in situations when limits
might equal other kinds of numbers. We do not entertain other kinds of numbers here.
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Let € > 0. Choose § = €/3. Suppose that

0<va2+y?<é.

Then, observing that

(L’2

- <1
x2+y? =

for (z,y) # (0,0), we obtain
3a%|y| ¢
f(@y)l =~ Z/<$m:3v¢§3wﬁ+g2<%=ﬁ-§:e

We have now shown that, for any (z,y) # (0,0),

32y
0< \/(m—0)2+(y—0)2<5 = FEEy —O‘ <e
Therefore
322y
im ———=0
(2,9)—(0,0) % + Y
by Definition [ |

Two things that make an e-0 argument difficult, in particular, is that the value L of a limit
must be known ahead of time, and so too must the value of ¢ (which will always depend on € in
some way). In this section we will develop various tools that will enable us to evaluate limits
without resorting to e-0 arguments. The first such tool is as follows.

Theorem 14.7. Let ¢ € R" be a limit point of Dom(f), suppose there is an open set U
and function ¢ such that ¢ € U and f(x) = ¢(x) for all x € U N Dom(f) with x # c.
If limy . (x) = L, then limy_, f(x) = L.

Proof. Let € > 0. Since ¢ € U and U is open, there exists some §; > 0 such that Bg, (c) C U.
Since limy . ¢(x) = L, there exists some d, > 0 such that, for any x € Dom(yp),

O0<|x—c|]| <o = Jpkx) —L|<e

Choose § = min{dy,d2}. Let x € Dom(f) be arbitrary, and suppose that 0 < |[|[x —c|| < ¢.
From 0 < [|x — ¢|| < d; comes x € U N Dom(f) with x # ¢, and thus p(x) = f(x). Since
x € Dom(yp) with 0 < ||x — c|| < d2, we have |p(x) — L| < e. Combining these results, we obtain
lf(x)— L] <e. |

Limits of real-valued multivariable functions obey the same basic laws as limits of single-
variable functions, with largely the same proofs. For this reason the proof of the following
theorem is omitted, though the reader is invited to compare it with Theorem [2.12]

Theorem 14.8 (Laws of Limits). For any c € R” and r, L, M € R, if limy_,. f(x) = L and
limy . g(x) = M, then

1. imr =7r
X—C

2. limrf(x) =rL =rlim f(x)

X—C X—C
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3. )I(ILT}: [f(x) +9(x)] = L+ M = lim f(x) —l—iﬂg(x)

X—C

4. lim [f(x)g(x)] = LM = lim f(x) - lim g(x)

X—C X—C X—C

5. Provided that M # 0,
i 109 _ L _ 09
xveg(x) M limg(x)

X—C
6. For any integer n > 0,

lim [f(x)]"* = L" = [nm f(x)r.

X—C X—C

lim {/f(x) = VL= p/lim f(x),

provided L > 0 if m is even.

7. For any integer m > 0,

An important property of functions that can be a great aid in evaluating limits is continuity,
which in the case of multivariable functions is defined as follows.

Definition 14.9. Let f be a function and ¢ € Dom(f). Then f is continuous at c if for
every € > 0 there exists some § > 0 such that, for any x € Dom(f),

[x—cl| <d = |f(x)—flc)| <e

If f is continuous at every point in a set S, then f is said to be continuous on S. If f is
continuous at every point in its domain, then f is said to be continuous on its domain or
simply continuous.

So a function cannot be continuous at any point not in its domain, which makes sense. An
immediate consequence of this definition is the following theorem.

Theorem 14.10. If ¢ is a limit point of Dom(f), then f is continuous at c if and only if
lim f(x) = f(c)

Typically calculus textbooks give the definition for continuity as “The function f is continuous
at ¢ € Dom(f) if limy_,c f(x) = f(c),” which is not equivalent to Definition [14.9]since it requires
that ¢ be a limit point of Dom(f) whereas Definition does not. In particular Definition m
implies that a function is continuous, by default, at any isolated point of its domain. However,
the discrepancy does not present us with any problems since in these pages we shall only ever
be considering functions with domains consisting entirely of limit points.

Proposition 14.11. Rational, radical, trigonometric, exponential and logarithmic functions of
two or more variables are continuous on their domains, as are functions that are combinations
of these.
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FIGURE 60. A neighborhood for the point (2, 7).

The proof of this proposition is not of great concern at this moment, but the implications
are far-reaching: if f is any one of the five types of functions mentioned in the proposition, and
a point c is both in the domain of f and is a limit point of Dom(f), then the limit of f(x) as x
approaches ¢ can be evaluated by direct substitution: limy .. f(x) = f(c).

Example 14.12. Evaluate
lim rty-

(:v,y)—>(2,7) €T + y - 9 ’

Solution. Let

ha,y) = Y TY0

T+y— 9
The domain of A was determined in Example and illustrated in Figure[59} It can be seen from
Figure |60 that, although (2,7) ¢ Dom(h), (2,7) is a limit point of Dom(h). Consider any open
set U containing (2,7), such as the one depicted in Figure[60] For all (z,y) € U’ = U N Dom(h)

we have
Vr+y—3 Vr+y—3 B 1

r+y—9 (Vzty-3)(Vz+y+3) Vrty+3
since /x +y — 3 # 0 on U’'. Thus if we define the functlon

x
plwy) = ¢?1_+3
we see that h(z,y) = ¢(x,y) for all (z,y) € U'. Now, if lim(, 427y @(2,y) exists, then
lim A = lim x
(z.9)—=(2.7) (:9) (z.y)— (27)¢( )
by Theorem (14.7
The function ¢ is a combination of rational and radical functions, and so since (2,7) €

Dom(y), Proposition [14.11] implies that

lim T 2,7) ==
wm e y) = 9(2,7)

V -3
im YEFYTO_ gy h(z,y) =
@y)—@27n) r+y—9 (,y)=(2,7)

Therefore
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and we’re done. [ |

It may seem that the process for evaluating the limit in Example [14.12]is rather lengthy and
laborious, but this is only because every step is presented, along with the full justification for
each step. The next example goes a little quicker.

Example 14.13. Evaluate
2 .2
lim Ty .
(zy)=(00) /22 + 92+ 1—1

Solution. The domain of the function is
{(z,y) = (z,9) #(0,0)};
that is, all of R? except for the origin. For any (z,y) # (0,0),
I N Y BT s v
N S R s S R S
_ @A T =V 2+ 1+,

x? + 92

and so by Theorem [14.7]| we obtain

2 2
lim Ty — lm (V2P l4+1) =00 1+1=2,

(y)=00) /22 +9y2 +1—1 (2900

recalling that a radical function is continuous on its domain. |

Yet another weapon that is of great worth in the quest to slay limits without recourse to e-§
arguments is the following squeeze theorem, which is much the same as the Squeeze Theorem
given in §2.3.

Theorem 14.14 (Multivariable Squeeze Theorem). Let ¢ € R™ be a limit point of Dom(f).
Suppose there are functions ¢ and ¥, and a neighborhood U of ¢, such that

p(x) < f(x) <P(x)
for all x € U N Dom(f) with x # c. If

lim p(x) = lim ¢(x) =

X—C X—C

for some L € R, then
lim f(x) = L.

X—C

Proof. Suppose that p(x), ¢ (x) — L as x — c. Since ¢ € U and U is open, there exists some
r > 0 such that B,(c) CU.
Let € > 0. Since limy_,c p(x) = L, there exists some d; > 0 such that, for any x € Dom(y),

0 < |lx—c| <0, implies |p(x) — L| <e.
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Since limy_,. ¥ (x) = L, there exists some d > 0 such that, for any x € Dom(2)),
0 < ||lx —c|| < dy implies |P(x) — L| <.

Choose § = min{r, d;,d2} and suppose x € Dom(f) is such that 0 < ||x — c|| < d; that is,
x € Bs(c) N Dom(f) with x # ¢. Since Bs(c) C B,(c) C U, it follows that x € U N Dom(f)
with x # ¢, and therefore p(x) < f(x) < 1 (x) holds. Moreover we have

O0<|x—c|]<d and 0<|x—c| <de
since 0 < 01, 09, and so
—e<p(x)—L<e and —e<t(x)—L<e (14.2)
both hold. From ¢(x) < f(x) < 9(x) we obtain
p(x) = L < flx) = L <9(x) - L,
which together with (14.2)) gives
—e < f(x) — L <k,
or equivalently |f(x) — L| < e.

We have now shown that, for any x € Dom(f), 0 < ||x — c|| < ¢ implies |f(x) — L| < ¢, and
therefore

lim f(x) =L

X—C
as desired. [ |
Example 14.15. Evaluate

. |y

im

()—(00) /22 + 12

Solution. Define
|2y

f(xay):\/ﬁ7 cp(w,y)z(), and ’QZJ(JZ,y): |{L‘|

Note that the domain of f is D = R?\ {(0,0)} (i.e. all of R? except for the origin). Clearly
o(x,y) < f(z,y) for all (z,y) € D. If x € R and y # 0, then

fay) = A < Bl ),

B VR ]

and if x # 0 and y = 0, then

0
Thus f(x,y) < ¥(z,y) for all (z,y) € D. Now, since p(z,y) < f(x,y) < ¥(z,y) for all
(xz,y) € D,
lim ¢(z,y)= lim (0)=0,

(@y)—(0,0) (@,y)—(0,0)
and

lim r,y)= lim |z| =0,
(r,y)—>(0,0)w( v) (r,y)—>(0,0)||
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we conclude that
|zy|

lim ————=0
(2.9)>00) /7% + 12
by the Multivariable Squeeze Theorem. |

Recall from first-semester calculus that

lim f(z) =L iff lim f(x)= lim f(x)=L;

T—cC z—ct T—cT
that is, the two-sided limit of f equals L if and only if the two one-sided limits both equal L.
The value of f(x) must not converge on different values depending on whether ¢ is approached
from the left or the right! If f is a two-variable function, however, things are a little more
complicated, because the domain of f will be some region in a plane, and any point (a, b) on
the zy-plane can be approached along an infinite number of possible paths. A consequence of
Definition [14.4]is that, in order for the limit

lim x,
(@)~ (a,b) f@.y)

to exist as some real number L, f(z,y) must approach L as (z,y) approaches (a, b) regardless of
the path that is taken! If two paths can be found that result in f(z,y) approaching two different
real numbers (or if one path can be found that results in f(z,y) approaching no real number
whatsoever), then it can be shown that the limit cannot exist in R.

The next example illustrates the method, known as the Two-Path Test, for showing that a
limit does not exist. The idea is simple: if f(x) approaches two different values L; and Ly when
two different paths v; and -, to a point c are taken, then limy_,. f(X) cannot exist because the
value of a limit must be unique. In applying the test we must, of course, consider only points
on each path which lie in the domain of f. The formal statement of the test is as follows.

Theorem 14.16 (Two-Path Test). Suppose f: D CR" — R, with ¢ a limit point of D. Let
Ly, Ly € R such that Ly # Lo. If for each € > 0 there exists some x1,x2 € D N Bl(c) such that
f(x1) = Ly and f(x2) = Lo, then limy_,. f(x) does not exist.

Example 14.17. Show that
23 — o2
im —
(zy)—(0,0) 23 + y?
does not exist.

Solution. Let
23— 2

f(x,y) _ 1'3 +y2
The domain of f is consists of all of R? except the origin. Let € > 0 be arbitrary. Now, within
the set B.(0,0) (i.e. all points that are a distance less than e from (0, 0) except for (0,0) itself)
we can choose two points: a point (x,0) # (0,0) on the z-axis that is less than e away from
(0,0), and a point (0,y) # (0,0) on the y-axis that is less than e away from (0,0). For instance
we could choose (z,0) = (¢/2,0) and (0,y) = (0, €/2), but it is not necessary to be this explicit.
Now,
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and s )
0"~y y
0,y) = = - =—1.
f( y) 03 + y2 yg
We have now shown that, for each € > 0, there exists some (z1,y1), (z2,y2) € B.(0,0) such
that f(x1,y1) = 1 and f(z9,y2) = —1. Therefore the limit
3_ .2
lim Y
(z.9)=(0.0) T + y?
does not exist by the Two-Path Test. |

In the example above, the two paths leading to the point (0,0) that were chosen to show
the given limit does not exist were the z-axis (i.e. the line y = 0) and the y-axis (i.e. the line
x = 0). Any number of other paths could have been considered to achieve the same result, such

as r = y2/3.

Proposition 14.18. Let f be a function with domain D C R.
1. If o : D x R — R is given by o(z,y) = f(x), then for anya ¢ D and b € R

lim f(x) =L = lim o(z,y) = L.

r—a ) (z,y)—(a,b)
2. If v : R x D — R is given by ¥(x,y) = f(y), then for any a € R and b ¢ D
limf(y) =L = lim )z/;(a;,y) = L.

y—b (z,y)—(ab

Proof. We prove only part (1), the proof of part (2) being similar. Suppose that ¢ : D xR — R
is given by ¢(z,y) = f(z). Fix a ¢ D and b € R, and suppose that f(z) — L as x — a. Let
€ > 0 be arbitrary. Then there exists some § > 0 such that |f(xz) — L| < € for all x € Dom(f)
for which 0 < |z —a| < 4. Let (z,y) € Dom(¢) = D x R be such that

0</(z—a)?+(y—b)?<s. (14.3)

Now, x # a since a ¢ D, so (14.3)) implies 0 < |z — a| < §, which in turn implies |f(x) — L| < e.
Hence |¢(x,y) — L| < €, and therefore

lim x,y) =1L
(:vvy)—>(a7b)(p( 2

by Definition [ |

The purpose of Proposition [14.18]is to provide a firm theoretical underpinning for evaluating
a limit of the form

lim  g(z)h(y)

(z,y)—(a,b)
in the natural way:
L g()h(y) = (1m o) )(imh(y) ). (14.4)
It is not a straightforward matter of using Theorem M(él), because the limits on the right-hand
side of are single-variable limits, which each are confined to the real number line. However,
provided the hypotheses of Proposition are satisfied, then the equality is true. The
advantage of passing from a single multivariable limit to multiple single-variable limits is clear:
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many techniques for evaluating limits, such as L’Hopital’s Rule, can only be applied to limits of
a single-variable function. The next example puts the theory into practice.

Example 14.19. Evaluate
ysin 3z
m
(z,9)—(0,0) 8 sin by

Solution. Let D = (—o00,0) U (0,00), and define ¢ : D x R — R by

( ) sin 3x
T,Yy) = .
plx,y 3z
Applying L’Hopital’s Rule, we have
. sin3x . 3cos3x 3
lim = lim = —.
z—0 8z z—0 8 8

Now, observing that the function f(x) = sin 3z/8z has domain D and 0 ¢ D, we obtain

. sin 3x . sin3z 3
lim = lim .
(z,y)—(0,0) 8x z—0 8x 8

by Proposition [14.18|(1).
Next, define ¢ : R x D — R by

Y

Again using L’Hopital’s Rule,
1 1

lim — y__ lim = —.
y=0sindy y—=05HcosdYy D

Observing that the function ¢g(y) = y/sin 5y has domain D and 0 ¢ D, we obtain
1

: y .y
lim - = lim — = -
(zy)—(0,0) SIndy  y=0sindy 5

by Proposition [14.18(2).
Finally,

, y sin 3z ( sin 3x Yy )
lim —_— = 1m - —
(2,9)—(0,0) 8xsin by (2,9)—(0,00\ 8z sin 5y

) sin 3x . Y 3\/1 3
= lim lim - =l=Jl=-)=—
(z,y)—(0,0) 8x (z,9)—(0,0) Sin by 8/\5H 40

by Theorem [14.§|4). [ |

Theorem 14.20. Let f: D CR" >R and g: I CR — R. If f is continuous at c and g is
continuous at f(c), then go f is continuous at c.
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Proof. Suppose f is continuous at ¢ and g is continuous at f(c). Fix ¢ > 0. There exists some
v > 0 such that, for all y € Dom(g),

ly—fle)l <y = lg(y) —g(f(c))] <e. (14.5)

Now, the continuity of f at ¢ implies there exists some § > 0 such that, for all x € Dom(f),
[x—cll<d = |f(x)—fle)] <n. (14.6)

Let x € Dom(g o f), so that x € Dom(f) and f(x) € Dom(g). Suppose that ||x — c|| < §. Then
|f(x) — f(c)| <~ by (14.6), and since f(x) € Dom(g) it follows from ((14.5) that

l9(f(x)) — g(f(c))] <e
That is,
[(go f)(x) — (g0 f)(c)| <e,

and therefore g o f is continuous at c. |

Example 14.21. Determine the set of points in R? where the function

h(z,y) = Vx —y?

1S continuous.

Solution. Define f(z,y) = x — y?, which is a polynomial function, and g(x) = y/x, which is a
radical function. By Proposition [14.11] both f and g are continuous on their domains, where
Dom(f) = R? and Dom(g) = [0, 00). Now, since

Dom(go f) = {(x,y) € R*: (z,y) € Dom(f) and f(z,y) € Dom(g)}
={(z,y) eR*: 2 —y* €[0,00)} = {(z,y) € R*: z — 3* > 0}
= {(z,y) € R? : 2 > ¢} = Dom(h),

and h(z,y) = (go f)(z,y) for all (z,y) in the common domain, we see that h = g o f.
Let (a,b) € Dom(h). Since (a,b) € R? we know that f is continuous at (a,b). Moreover,

fla,b)=a—-0*>0

FIGURE 61.
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shows that f(a,b) € [0,00) = Dom(g), and so ¢ is continuous at f(a,b). Hence go f is continuous
at (a,b) by Theorem [14.20] and because h = g o f it follows that h is continuous at (a,b). Since
(a,b) is an arbitrary point in Dom(h), we conclude that A is continuous on its domain. That is,
h is continuous on precisely the set {(z,y) : z > y*}, shown in Figure [61] [

There will be frequent occasions when a vector function

r(t) = (z1(t), ..., za(t))

will be composed with a real-valued function f(z1,...,z,) =y. Thus, some results concerning
the function f or should be developed. Since f or is just a real-valued function of a single
real variable, we can expect the results (and their proofs) to strongly resemble developments in
single-variable calculus. The following proposition, for instance, has an analog in §2.6.

Proposition 14.22. Letr: I CR —-R" and f: D CR" — R. If
lltgr;r(t) =c

for some c in the interior of D and f is continuous at c, then
lim f(x(1)) = f (lmr(t)) = f(c).

Proof. Suppose that lim;,, r(t) = c for some ¢ € Int(D). Let € > 0. Since f is continuous at ¢
and c € Int(D), there exists some 0y > 0 such that ||x — c|| < &y implies that |f(x) — f(c)| < e.
Since

%1_{1; r(t)=c

there exists some § > 0 such that 0 < |t—a| < ¢ implies that ||r(¢)—c|| < . Thus, 0 < |t—a| < ¢
implies that |f(r(t)) — f(c)| < ¢, and therefore

lim (r(t)) = f(c).
as desired. ]
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14.3 — PARTIAL DERIVATIVES

A function f of two independent variables x and y, conventionally denoted by f(z,y), can
be differentiated with respect to either variable. The way this is done is to treat one of the
variables as a constant and differentiate with respect to the other variable in the usual manner
developed in first-semester calculus.

Definition 14.23. Suppose (z,y) € R? is an interior point of Dom(f). The partial derivative
of f with respect to z at (x,y) is

o) = i LTI )

(14.7)

and the partial derivative of f with respect to y at (x,y) is

fy<‘r7y) = lim f(l‘,y + hf)b — f(x,y)’

h—0

provided these limits exist.

Both limits above have only one variable in play, and so they can be interpreted using the
definition of limit in Chapter 2; however, since (z,y) is in the interior of Dom(f), Definition
is wholly equivalent and thus equally appropriate. So, with a little bit of thought, the limit
can be translated into the following statement: For every e > 0 there exists some § > 0
such that, if 0 < |h| < ¢ and (x + h,y) € Dom(f), then

f(l’—l—h,y)—f(l‘,y)
h

The functions f, and f, are together referred to as the “first-order partial derivatives” of f,
or simply the “first partials” of f. If f is a function of three variables x, y, and z, then there
are three first partials of f: f;, f,, and f., where

f(l‘+h,y,2)—f($,y,2)

— felzyy)| <e.

fx(x7y7 Z) = }ILIE)%

h
and so on. In general, for a function f of n variables x4, ..., x,, we have
e xi+h oo x,) — e Ty
fzz<x):fxl(x1,,wn):hm f(‘rh y L + x ) f('rl x )
h—0 h

for each 1 <i < n and x € Int(Dom(f)).

Besides the symbol f, (called “subscript notation”), the partial derivative of f with respect
to x can be denoted by 0, f (operator notation) or df/0dx (Leibniz notation). Correspondingly
fz(x,y) can be denoted by

of

0
Loy o oL

or  O.f(x,y).
92 o fz,y)

Notation. In these notes only two notations will be employed to any significant extent to denote
the partial derivative of f with respect to z: f, and 0,f. Both notations extend naturally into
higher order partial derivatives, with f,, = (fz). being the “second partial derivative of f with
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respect to x,” and f,, = (f;), being the partial derivative of f, with respect to y (otherwise
known as a “mixed partial derivative”). We can translate to operator notation as follows:

and

f:z:y = (f:]c)y = 8y(azf) = awcf

Alternative operator symbols are 9; for 9,, and dy for 9,. Also we have 9? = 0,
02 = Opzs, and so on, with 9" used generally to denote the nth partial derivative of f with
respect to x.

Example 14.24. Given
f(z,y) = 32%y" — 2zy + by — 8%,
find f, and f,.

Solution. To find f, we treat y as a constant and consider x to be the only variable, enabling
us to differentiate in the usual fashion.

fo(,y) = 0322y — 22y + 5y — 82°)
= 6xy’ — 2y — 242°.

Notice that 0,(5y) = 0 since 5y is considered to be a constant.
To find f, we treat « as a constant and consider y to be the only variable.

fy(x,y) = 0,(32%y" — 2xy + 5y — 82%)
= ay(3x2y7> — 0y(2zy) + 9,(5y) — ay(&ﬁg)
= 212%y5 — 22 + 5,
where 9,(82%) = 0. u
Example 14.25. Given

sinzy — Inyz

f(l’ay,z):m,

find f,, f,, and f..
Solution. To find f, we treat y and z as constants and consider = to be the only variable.

(22 + y® + 21 (y cos zy) — 2x(sinxy — Inyz)
(z? +y? + 21)?

f:v(x7 Y, Z) =

To find f, we treat  and z as constants.

1
(22 + 9 + 2*) (95 cos Ty — v z) — 3y*(sinzy — Inyz)

fy(xayvz) = (l'2+y3 —|—Z4)2
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(22 + ° + 2*)(zy cosxy — 1) — 3y3(sinzy — Iny?)
o y(2? + 3 + 21)2

Finally, to find f, we treat x and y as constants.

1

(2° +y° + 27) (—— - y) —42%(sinzy — Inyz)

yz
(22 4+ 93 + 24)?

_ (@ 4y +2Y) (=1/2) +42°(Inyz — sinay)

(22 + 3 4 24)?
424 (Inyz — sinxy) — (2® + y> + 2*)
- 2(2? +y3 + 24)?

fz($7y72) =

Definition 14.26. Let U C R? be an open set. A function f : U — R is differentiable at
(z,y) €U if
(h,k)—(0,0) Vh? 4+ k2

If f is differentiable at every point in U, then f is said to be differentiable on U.

0. (14.8)

Note that by this definition, in order for f to be differentiable at (z,y) it is certainly necessary
that the partial derivatives f, and f, both exist at (z,y)—but that is not sufficient, as part (c)
of Example illustrates.

We now define the gradient of a function f, which is a vector function that is often referred
to as the total derivative (or simply the derivative) of f The reason for this will become
gradually more apparent in the pages to come.

Definition 14.27. If f is differentiable at (z,y) € R?, then the gradient of f at (x,y) is

Vi, y) = (folz,y), fylz,y)).
More generally, if f is differentiable at x € R", then the gradient of [ at x is

Vf(X> = <f$1(X),fx2(X), i ’fwn(x)>

So Vf (read as “del f”) is a vector function of two independent variables (or three, in R?)
with domain consisting of all points (z,y) € R* where f,.(z,y), f,(z,y) € R. As mentioned in
§13.0, it can be convenient to regard the ordered pairs (x,y) in the domain of f as vectors as
well (position vectors, in particular), to make use of operations such as vector addition and
vector norms and thereby streamline the notation. We can represent (h, k) by h = (h, k), and
(x,y) by x = (z,y), so that (z + h,y + k) becomes

(x+h,y+k)y=x+h.

Now the limit in Definition [I4.26] can be written as
) — () — f(x)h— £,k

h—0 |||

=0,
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where we let 0 = (0, 0) replace (0,0). Next, noting that
feX)h+ fy(X)k = (fo(x), f,(x)) - (b, k) = Vf(x) - h,

we can write

fx+h) - f(x) -Vf(x)-h

lim = 0.
h—0 ||l
This version of equation ([14.8)) is easily extended to a general definition for differentiability in

R".
Definition 14.28. Let U C R"™ be an open set. A function f : U — R is differentiable at

xeUif
LGt h) ()~ Vi(x)
h—0 |||

If f s differentiable at every point in U, then f is said to be differentiable on U.

= 0. (14.9)

Thus, for f in Definition to be differentiable at x, it is necessary (but not sufficient) to
have f,,(x) € R for all ¢; that is, all first partials of f must exist at x.

The advantage of over the clunky equation presented in the book’s definition of
differentiability is its mild resemblance to the definition of differentiability for a real-valued
function f of a single variable at some x € R, which states that f is differentiable at x if and

only if the limit
’ _flz+h)— flz)
fl(x) = }lLli% Y (14.10)
exists. (You might notice that since the limit is two-sided—so h can be positive or negative as
it approaches 0—it’s necessary for x to be in some open set on which f is defined.)
But we can do better than a “mild resemblance.” In fact can exist if and only if
there exists some ¢ € R such that

To prove this, the argument goes as follows. Suppose ([14.10)) exists. Then f’(z) is a real number,
so we can choose ¢ = f'(x) and get

S = f) b k)~ (@) - )
h—0 h b0 h
:}Lg%f($+hf)b_f(x) —f/(l‘)

as desired.
Conversely if there exists some real number ¢ such that (14.11]) holds, then since limj_,o ¢ = ¢
a basic law of limits implies that
flx+h)—f(x)—"L-h
h h—0
— lim flx+h)—f(x)—"L-h
h—0 h

0+ ¢=lim
h—0
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which readily yields
i L&D — @) _,
h—0 h
and shows not only that ((14.10]) exists, but that ¢ must equal f’(z). The ultimate conclusion: a
single-variable function f is differentiable if and only if
— —_— / .
T h) — f@) () b
h—0 h
Now, notice the striking resemblance between ((14.12)) and ((14.9). Morever, an immediate
consequence of Definition [14.28]is the following: A function f is differentiable at c if and only if
L F00 — fle) ~ V() (x — )

e el

— 0. (14.12)

= 0. (14.13)
Notice that x — ¢ implies that ||x — c|| — 0 just as h — 0 implies ||h|| — 0, and compare

(14.13]) with
—_— —_— / . —_—
o) — i LB =IO =0 =)
T—C r —cC
which derives from the familiar single-variable derivative formula

o)t 8 = 1)

T—c T —cC

We see that Vf takes the place of f’ in the preceding comparisons, which gives us our first
insight into why Vf is often called the “total derivative” of f.

The next example shows that the continuity of a multivariable function f at x, even if x is in
the interior of Dom(f), is no guarantee that any of the partial derivatives of f will exist there.

Example 14.29. Show that the function

flzy) = Va2 +y?

is continuous at (0,0), but its first-order partial derivatives do not exist there.

Solution. This is a circular cone that opens along the positive z-axis with apex at (0,0,0), as
shown in Figure By Proposition [14.11],

lim )f(x,y): lim /22452 =02 +02=0= £(0,0),

(z,y)—(0,0 (z,y)—(0,0)
which shows that f is continuous at (0,0). On the other hand,

F(0+ h,0) — £(0,0) f(h,0) .. VB2 A
h

= lim ¥—"—= = lim — = lim —
h>0 h h—0 h h—0 h

f2(0,0) = lim

which does not exist since

.|k : . |h] . —h
lim — = lim — =1 lim — = lim — = —1.
hoot B hoor and hoo- b hoo-
Much the same analysis will reveal that f,(0,0) also does not exist. [

Thus, recalling that differentiability by definition requires existence of first partials, it follows
that continuity does not imply differentiability. However, differentiability does imply continuity.
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“II‘III A
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S

FIGURE 62. The cone z = /22 + 2.
Theorem 14.30. If f is differentiable at c € R", then f is continuous at c.

Proof. Suppose that f is differentiable at ¢ = (¢y,...,¢,). Then
o fleth) — fle) - Vf(e) b

b n -

holds, which, recalling (14.13]), can be rewritten as
L f09 = f(©) = Vi) (x—¢)

x—e Ix —cll

Now, since

IEI}:HX—CH = lig}:\/(wl —a)? 4+ (2 —c)?=0
by Proposition it follows from Theorem (14.8(4) that
lim[f(x) — f(e) ~ Vf(e) - (x — )]
— lim [f (x) — f(e) = Vf(e) - (x — ¢)

X—cC ||X—C|| ’ ||X—C||
= lim f(x) — fle) —_Vf(c) (x—¢) -lim ||x — ¢||
X—C HX C” X—C
=0-0=0.
Next,
Vi(e)- (x—¢) = fa,(c)(m1 — 1) + -+ + fo, () (@0 — cn),
and so

lim V(e) - (x =) = 0
follows from Proposition . Then, employing Theorem m(?)), we obtain
lim (£(x) — f(c)) = lim ([£(x) = f(c) = Vf(e) - (x — &) + Vf(e) - (x —c))

X—C
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= lim [f(x) — f(c) = Vf(c) - (x — c)} + lim Vf(c) - (x — ¢)

X—C X—C

= 0+0=0,

from which it’s readily concluded that

lim f(x) = f(c).

X—C

The continuity of f at ¢ now follows from Theorem [14.10} [ ]

Example 14.31. Determine whether the function

f(z,y) =1 |y
is differentiable at (0, 0).

Solution. If f is not continuous at (0,0) then we could use Theorem to conclude that f is
not differentiable at (0,0). However, since the polynomial function p(x,y) = zy is continuous on
R? and the absolute value function abs(t) = |¢| was established in Chapter 2 to be continuous
on R, it follows that the composition (absop)(z,y) = |zy| is continuous everywhere on R?. Tt
should now be evident that f is likewise continuous everywhere on R?, including (0, 0).

At this juncture we’re left only with Definition[14.26]as a tool to investigate the differentiability
of f. To use it, we must determine f,(0,0) and f,(0,0). We have

f(h,0)— f(0,0) .. 1-1

OO =T i im0 =0
and
O
Now we evaluate the limit in Definition [14.26| directly. Referring to Example [14.15] we obtain
(hk)=(0,0) Vh? + k2 (hk)=(00) VA2 + k2
and therefore f is differentiable at (0,0). [

Example 14.32. Consider the function

211

fx,y) = q a2 +y¥
0, if (z,y) = (0,0)

Is f continuous at (0,0)7

Is f differentiable at (0,0)?

Evaluate f,(0,0) and f,(0,0).

Determine whether f, and f, are continuous at (0, 0).

(a)
(b)
()
()
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Solution.

(a) If we restrict f to the parabola z = y?, lim, 40,0 y) becomes

f(,
2ty 2t _
PV = I Gy = My ==

This already is enough to show that, if the limit lim, ) (0,0) f(2,y) exists at all, then it must
equal 1, and so in particular we have

lim  f(z,y) # 0 = f(0,0).

(2,y)—+(0,0)
Therefore f is not continuous at (0, 0).

(b) Since f is not continuous at (0,0), by Theorem [14.30] f is not differentiable at (0, 0).

(c) By definition

0+ h,0)— (0,0 h,0
fm(O’()):/lzig(l)f( - 7}2, i >:h.—>of(h7 ) h—0

and

f(0,0+ h) — £(0,0) s f(0,h) L B
3 = i = = lim(0) =0

So despite f not being differentiable at (0,0), both of its first partial derivatives exist there!

f,(0,0) = Ilzli%

(d) For (z,y) # (0,0) we can find f,(z,y) and f,(z,y) by the usual differentiation rules, and
thus, together with part (c), we obtain

2y6 _ 21‘2y2
——— if (z,y) # (0,0
folz,y) = ¢ (@® +y)? =) # 0,0
0 if (z,y) = (0,0)
and
4oy — 4y it (2.4) % (0,0)
fylzy) =9 (@ +y*)? ’
0 if (z,y) = (0,0)
Now, restricting f, to the line y = =, we find that lim g, ;) (0,0) fz(%, y) leads to

202 — 2
hm folz,x) = }”%m = —
So if the limit lim, y)—(0,0) fo(2, y) exists, it must equal —2. For continuity the limit must equal
0, and therefore f, is not continuous at (0,0). A similar analysis can be done for f,. |

It should be noted that Example [14.32(b) could have been done by direct application of
Definition [14.26] if Example [14.32c) had been done beforehand. Knowing f(0,0) = f,.(0,0) =
f4(0,0) = 0, the limit (14.8]) becomes:

i SRR ( 1 ohk? )
(hB)=00) VIZ L k2 (k)= 00) \VAZ + k2 h2 + k1

(14.14)
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If we tack toward the origin along the line k = h in the first quadrant, the limit (14.14) leads to

2
1(1 2hh>l'(1-2h>:hm2:\/§,
h—0 \/ﬁ h2 + ht h—0 \/§ 1+ h? h—0 1 + h2
where Vh2 = h since h > 0 in Quadrant I. Thus if the limit exists at all, it must equal
v/2 and not 0. This implies that f is not differentiable at (0,0).
Part (c) of Example shows that the existence of a function’s first partials at some point
x is not sufficient to guarantee differentiability of the function at x. However, if the function’s
first partials are continuous on an open set containing x, then differentiability at x does follow.

To prove this, we need the following mean value theorem for multivariable functions. A stronger
version of the theorem will be given at the end of the section.

Theorem 14.33 (Multivariable Mean Value Theorem 1). Let f have continuous first
partials on B.(a) CR". Then for any x € B,(a) there exist cq,...,c, € B.(a) such that

fx) = f(@) = fa () (@1 — ar) + -+ fo, (en) (20 — an).

So if f has continuous first-order partial derivatives in an open ball B,(a,b) C R?, then for
any (z,y) € B,(a,b) there are points (c1,d), (¢2,ds) € B,.(a,b) such that

f(xay) - f(av b) = fx(chdl)(x - a) + fy(CQadQ)(y - b)

Theorem 14.34. If the function f has continuous first partials on open set U C R", then f is
differentiable on U.

Proof. Suppose f has continuous first partials on open set U. Fix a € U, and let € > 0. Since U

is open there exists some dy > 0 such that Bs,(a) C U. Also, since the first partials f,,,..., fu,
are continuous on U, there exists some 0 < d1,...,9, < dy such that
X€B5k ‘ka fwk(x)l <=

forall 1 <k <n.
Choose § = min{dy,...,d,}. Suppose that x € Bs(a) with x # a. Since f has continuous
first partials on Bjs(a), by Theorem [14.33| there exists ¢4, ..., c, € Bs(a) such that

=D feuler) (= ax). (14.15)

Now, since ¢ € Bs,(a), we obtain

€
[Fon @) = o)) < =
for all k. Hence

Z‘fzk fmk Ck)| <€,

and since
T —ax| |z, — ag]

= <1
||X_a|| \/(331 - a1)2 + -+ (xn - &n)Q
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for all k, it follows that

z": }fwk(a> - ka(ck)Hl'k — Qg oy
k=1

Ix — al

and finally

n

D (Frel@) = fur(en)) (@x — ax)

k=1

by the Triangle Inequality from §1.6. Combining equations ({14.15)) and (|14.16)) yields

1

— <e (14.16)
[x —all

1 n
Tx=a] > fo@) (e — ar) = [f(x) = f(a)]| <e
k=1
and thus
709~ (@) = Vf(a) - (x—a) _
[x — al
We have now shown that
o 100 = () = Vf @) - (x =) _
x—a Ix — al
or equivalently
i F@th) — fla) - Vi(a)-h _
h—0 ||l
Therefore f is differentiable at a, and since a € U is arbitrary it follows that f is differentiable
onU. m

If we are only given that a function’s first partials are continuous at the point x, rather than
on an open set containing x, then the proof above fails since Theorem [14.33| cannot be used.
This is why Theorem is stated the way it is. Moreover the converse of Theorem
does not hold in general; that is, the differentiability of a function f at x does not necessarily
imply the continuity of the partial derivatives of f at x, as the next example illustrates.

Example 14.35. Show that
?sin(1/z), ifx #0
f(x’y)_{o, if 2 =0

is differentiable at (0,0), and yet f, is discontinuous there.

Solution. For z # 0 we obtain
fe(x,y) = 2xsin(1/x) — cos(1/x)

using the usual differentiation rules. For x = 0 the rules cannot be applied, and so we must

repair to Definition to get

. f04+hy) = f(0,y)
f2(0,y) = lim .
. h%sin(1/h) ,
= ]lgr(l)T = ]llli%hsm(l/h) =0,
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where the last equality can be justified by use of the Squeeze Theorem. Thus,
2xsin(1/x) — cos(1/x), ifx #0
fz(x,w:{ (1/2) = cos(1/z)

0, ite=20
However, it’s easy to see that the limit

lim 2z lim 2z sin(1/x) — cos(1/x
o folz,y) = (’y)ﬁ(om[ (1/2) (1/z)]

does not exist, which is to say that

lim  f.(z,y) # f:(0,0) = 0,

(z,y)—(0,0)

and so f, is not continuous at (0, 0).
Before showing that f is differentiable at (0,0) we first need to compute f,(0,0):

= 1 = 1 1 - =0.
1(0.0) (m,yff%o,o) h (as,wlg%o,o) h (asylir%oo h 0

e}

Now we show that

o S(k) = £(0,0) = £o(0,00h — £,(0,0)k
(h,k)—(0,0) \/m

po k)
hk)aoom/h%tk?

Let € > 0. Since lim, oz sin(1/x) = 0, there exists some ¢ > 0 for which 0 < z < ¢ implies
that |xsin(1/z)| < e. Suppose that (h, k) is such that

0<VhZ+Ek2<6.

=0,

or equivalently

(14.17)

Now, if h = 0 we immediately obtain

(R _ O R)
VIEEE Ik
as desired. So assume that h # 0. Then
[f(hR)l _ k2lsin(1/h)| _ B?|sin(1/h)|
V2R V2R T A

=0 <k,

= |hsin(1/h)| < e,

since
0<|hl=Vh2<Vh2+k <0
Therefore (14.17)) holds, and so f is differentiable at (0, 0). [ |

The next theorem concerning when the mixed second partials of a function of two variables
can be assumed to be equal may seem rather obscure, but beyond serving as a labor-saving
device it will also be crucial in the proof of some results in Chapter 15.

Theorem 14.36 (Clairaut’s Theorem). Let U C R? be an open set and f : U — R a function.
If foy and fy. are continuous on U, then fry = fyz on U.
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As promised, we now give a stronger mean value theorem for multivariable functions, which
can be seen to bear a resemblance to the single-variable Mean Value Theorem in §4.2. Recall
that for any a,b € R", the symbol [a, b] denotes the line segment that joins a to b.

Theorem 14.37 (Multivariable Mean Value Theorem 2). Let f have continuous first
partials on B,.(x) C R". Then for any a,b € B,(x) there exists some ¢ € [a,b] such that

f(b) = f(a) = Vf(c) - (b —a).

This version is “stronger” in the sense that its conclusion involves only one quite specific
additional point ¢, rather than n points cq,...,c,.
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14.4 — CHAIN RULES

We’'re now in a position to consider the most basic multivariable chain rule, from which most
all other chain rules can be derived.

Theorem 14.38 (Chain Rule 1). Let r(t) = (x1(t), ..., z,(t)) be differentiable att. If U C R™
is an open set such that v(t) € U and f : U — R is differentiable on U, then for is differentiable
at t and

(f ox)'(t) = Vf(x(t)) - x'(2).

Proof. Since r is continuous at ¢, r(t) € U, and U is open, there exists a sufficiently small
v > 0 such that r(t + h) € U for all |h| < . Hence t is an interior point of Dom(f or) so it is
legitimate to investigate the differentiability of f or at .

Define x;, = r(t + h), ¢ = r(t), Az; = z;(t + h) — x;(t) for 1 < i < n, and x;, —¢c =
(Axq,...,Ax,). Also let

R(c,xp) = f(xn) — f(c) = Vf(c) - (xn — ).

Now,
: (for)(t+h)—(for)(t) . flr(t+h)—f(r())
(for)() = jim 2 = i
~ lim f(xn) — f(c) ~ lim Vf(e)  (xn—c) + R(Caxh)’

h—0 h h—0 h

whence A A P
(For(@) = lim | F (@55 44 f, () 2 4 O] (141
The differentiability of r at ¢ implies
lim A}jci =zi(t) eR

for each 7, so that

lim | == = O+ + (0P = M (14.19)

for some real number M > 0. Also the differentiability of f on U implies f,,(c) € R, and we
can define a function p: U — R by

_ JR(e,x)/||lx—c|, ifx#c
p(x)—{()’ ifx=c

Indeed p is continuous at c since

lim p(x) = lim e, x) _ lim f(x) — f(c) = Vf(c)  (x—c)

X—C X—C ||X—C|| _x%c ||X—CH

= 0= p(c),
and so, since c is in the interior of Dom(p) and

limx, = limr(t+ h) =r(t) =c,
h—0 h—0
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by Proposition [14.22
lim p(xp,) = lim p(r(t + h)) = p(c) = 0. (14.20)
h—0 h—0

We now show that limy,_,o R(c,x;,)/h = 0. Let ¢ > 0. By there is some d; > 0 such
that 0 < |h| < 07 implies
Xp —C

h
and so [|x, —cl|/|h| < M + 1. By there is some d2 > 0 such that 0 < |h| < 0y implies
lp(xp)| < €/(M +1). Choose § = min{dy, d, 7}, and suppose that 0 < |h| < 9.

If ||x, — c|| =0, then x;, = ¢ so that

- M

<1,

R(c,xp) B R(c,c) B
" ‘ A =0<e
If ||xn — || # 0, then x;, # ¢ so that
R(c,x3) |R(c,xpn)| ||xn—cll X, — C €
Therefore limy,_,o R(c,x3)/h = 0.
Finally, from (|14.18]) we obtain
o Ax . Az, . Rc,xp)
/ pr— — “ e )
= fo (€21 (t) + - + fa, ()2l (t) = Vf(x(t) - ' (2)

which completes the proof. |

It can be seen that Chain Rule 1 is similar in form to the chain rule from single-variable
calculus, in which F(t) = f(r(t)) has derivative F'(t) = f'(r(t))r'(t). Indeed this similarity
lends further credence to the idea that V f is the “total derivative” of f.

In R? we may have functions r(t) = (x(t),y(t)) and f(x,y), so that

(for)(t) = f(x(t) = fx(t),y(t))
and by Chain Rule 1
(for)(t) = falr()'(t) + f,(r(t))y'(t) = fal2(t), y(£))x"(t) + fy (x(t), y(1)y'(2).

In R?l’),tg%ven functions r(t) = (x(t),y(t), 2(t)) and f(z,y, z) so that (for)(t) = f(x(t),y(t), 2(t)),

(f or)'(t) = fala(t),y(t), 2(£)2'(£) + fy (x(t), y(t), 2())y' (t) + fo(2(1), y(t), 2(£))2'(1).

Example 14.39. Let
f(z,y,2) =In(z® + > + 2?) and r(t) = (¢, *,1%).
If F= for, find F'.
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Solution. Here
F(t) = (for)(t) = f(x(t),y(t), 2(2)),
where z(t) = t, y(t) = t? and z(t) = t3. Chain Rule 1 immediately gives

F'(t) = (for)(t)
= fo(a(t),y(t), 2(0)2'(t) + fy(x(t), y (), () (t) + fo(2(t), y(2), 2(1)) (1)

B 21 (1) | 2(t) | 2:(t) "
TSRO0+ 20 TR0 020 T RO R+ 20
2t 4¢3 6t° 6t° + 4¢% + 2t

= + + = ;

e A N AT A o A o A A A A 12+t 4+ 19
which can be interpreted as being the rate of change of f with respect to t along the curve
generated by r. [ ]

Example 14.40. The radius r of a right circular cone is increasing at a rate of 1.8 cm/s while
its height h is decreasing at a rate of 2.5 cm/s. At what rate is the volume V of the cone
changing at the time when the radius is 120 cm and the height is 140 cm?

Solution. All rates of change are understood to be with respect to time here. V' is a function
of r and h, while r and h themselves are each functions of time ¢. In notation similar to that in
Theorem we write V(t) = f(r, h), with r = r(t) and h = h(t). Now, from geometry the
volume of a right circular cone with radius r and height h is given as wr?h/3, which takes the
place of f(r, h) to yield

2
V(t) = 7”;) "
By Chain Rule 1 the rate of change of V' at time ¢ is
2mrh 2
VI(E) = ol () + fulrs () = 5= (8) + T (1)

where we're given that 7/(¢) = 1.8 ecm/s and h/(t) = —2.5 cm/s. Letting ¢y represent the time
when 7 = 120 cm and h = 140 cm (note it’s not our job to determine ty), we obtain

2m(12 14 12 2
V' (ty) = m(120 CH;))( 0 Cm)(l.S cm/s) + W(—2.5 cm/s) = 81607 cm? /s,
or approximately 25,635.4 cm3/s. |

Theorem 14.41 (Chain Rule 2). Let F(s,t) = f(x,y), where x = x(s,t) and y = y(s,t) are
functions that are differentiable at q = (so,t0) € R%, and f is differentiable at p = (x(q),y(q)).
Then F is differentiable at q, where

Fi(q) = fe(p)rs(q) + fy(P)ys(q) and F(q) = fo(p)2i(q) + fy(P)ye(q).

Since partial derivatives only allow for one variable to be in play, the proof of Chain Rule 2
can be done in the same manner as Chain Rule 1’s proof, or Chain Rule 1 could be used to
prove Chain Rule 2.
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Example 14.42. Find z, and z;, where
z=uxy —2x+ 3y

with x = sins and y = tant.

Solution. Here
2(s,t) = f(x,y) =2y — 2z + 3y
with
r=ux(s,t) =sins and y=y(s,t)=tant.
By Chain Rule 2,

Zs(svt) = fm(lf,y)JZS(S,t) + fy(x7y)ys(3a t)
= (y—2)coss+ (z+3)(0) = (tant — 2) cos s,

and
z(s,t) = fa(@,y)a:(s,t) + fy (2, y)ye(s, T)
= (y — 2)(0) + (z + 3) sec’ t = (sin s + 3) sec’t,
expressing each partial derivative in terms of s and ¢. |

An exceedingly important result in mathematical analysis is the Implicit Function Theorem,
which will be furnished here, without proof, for the specific case when f is a real-valued function
of two variables

Theorem 14.43 (Implicit Function Theorem). Suppose [ has continuous first partials on

open set U C R?, and f(a,b) =0 for (a,b) € U.

L. If f,(a,b) # 0, then there exists an open interval I C R and a continuously differentiable
function h : I — R such that a € I, h(a) =b, and f(x,h(x)) =0 for all z € I.

2. If f.(a,b) # 0, then there exists an open interval J C R and a continuously differentiable
function g : J — R such that b € J, g(b) = a, and f(g(y),y) =0 for all y € J.

In Part (1) it’s understood that I is sufficiently small so that (x,h(x)) € U for all z € I,
and similarly in Part (2) J is such that (g(y),y) € U for all y € J. The theorem is so named
because it provides a means to determine when an equation of the form f(x,y) = 0 implicitly
defines either y as a function of x or x as a function of y.

Example 14.44. Consider the relation R defined by the equation
2?4y = 2xy.

On what interval for x can we expect R to implicitly define y as a function of x? To help clarify
matters let f be the function given by

flz,y) = 2° +y° — 2y,

and note that R can now be expressed as f(z,y) = 0. Certainly f has continuous first partials
on R? with f,(z,y) = 3y* — 2z in particular. Now, since

f(1,1) =12 +1° - 2(1)(1) =0
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and
fy(1,1) =3(1)* = 2(1) = 1 £ 0,

the Implicit Function Theorem implies there is an open interval I C R containing 1, and a
continuously differentiable function h : I — R, such that (1) =1 and f(z, h(z)) = 0 for all
x € 1. That is, setting y = h(x) will satisfy the equation f(z,y) =0 for all x € I, and therefore
R implicitly defines y as a function x in a neighborhood of z = 1. |

Proposition 14.45. Suppose f has continuous first partials on open set U C R2, and let
(a,b) € U.
1. If f,(a,b) # 0, then there exists open interval I containing a and continuously differentiable
function h : I — R such that, for all x € I,
W) — Az @)
T, (@, (@)
2. If f.(a,b) # 0, then there exists open interval J containing b and continuously differentiable
function g : J — R such that, for all y € J,

fo(a(y), y)

d@%:_ﬁ@@%w‘

Proof. We prove Part (1) only, the proof of Part (2) being similar. Suppose f,(a,b) # 0.
Letting ¢ = f(a,b) = ¢, the function ¢ = f — ¢ is such that ¢(a,b) = f(a,b) —c = 0.
Moreover ¢ has continuous first partials on U since it differs from f by a mere constant, and
@y(a,b) = f,(a,b) # 0. By the Implicit Function Theorem there is an open interval I C R and
a continuously differentiable function h : I — R such that a € I, h(a) = b, and

p(x, h(x)) = f(z,Mz)) —c=0

for all x € I. Hence f(x,h(x)) =c for all z € I.
Now, let g : I — R be given by g(x) = z, and define F': I — R by

F(x) = fz,y) = fg(x), h(x)),

for all z € I. Since g and h are differentiable on I and f is differentiable at (z, h(x)) € U for
every x € I, Chain Rule 1 gives

F'(z) = falz, 9)g'(2) + fy(z, y) B (2) = falz,y) + fy(z, )l (2)
for all z € I. On the other hand we also have
F(x) = [z, h(x)) = ¢
for all z € I, so that F'(z) = 0. Therefore

fo(,y) + fy(z, y)h'(z) =0 (14.21)

forxzecl.
Since

fy(a,h(a)) = fy(a,b) #0,
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fy is continuous at (a,b), and h is continuous at a, we can assume that [ is sufficiently small so
that

fy(x>y) = fy(xa h(l’)) 7£ 0
for all x € I. Therefore (14.21)) implies that

fy(xa y)
for all x € I, whereupon substitution of h(z) for y gives the desired result. |

The conclusion of Proposition [14.45((1) is often abbreviated as

;o fe dy  O0f/0x
YISO dr T T afjay

where the fact that y = h(z) for z € I allows for denoting h/(z) by ' or dy/dz.

Example 14.46. Find the slope of the curve C given by
y° + 32%y* = 12 — 5zt

at the point (0,12/°). Also express ¢’ as a function of 2 and y.

Solution. Let
f(z,y) = y° + 32%y* + 5" — 12,
so £(0,12Y/5) = 0. We have

fo(z,y) = 62y +202° and  f,(x,y) = 5y* + 62°y,

and in particular f,(0,12/°) # 0. By Proposition [14.45(1) there is an open interval I containing
0 and a continuously differentiable function A : I — R such that, for all z € I,
(2, h
) — el a)
fy(z, h(z))
According to the Implicit Function Theorem f(x,h(x)) = 0 on I, so the graph of y = h(x) for
x € I will be a small piece of the graph of the curve C given by f(z,y) = 0. Since 0 € I and
h(0) = 12'/5, this small piece contains the point (0,12'/°). It follows that the slope of y = h(z)
at x = 0, which is of course h/(0), will equal the slope of C at (0,12'/5). We have
w0y - LORO) _£0027) 0
— R(0,R(0)  fy(0,1215)  5(124/5)
that is, the slope of C at (0,12'/°) is 0.
Finally, since y = h(x) and y' = h/(z) for x € I, we obtain
J =  fulzyy) _ _6xy2 + 2023
fy(z,y) 5yt + 622y
from ([14.22]). |

(14.22)
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14.5 — DIRECTIONAL DERIVATIVES

The partial derivatives of a real-valued multivariable function f : D C R? — R at a point
(a,b) € D give information about the rate of change of the value of f(z,y) as one variable is
held fixed and the other is allowed to vary. Thus, we are considering the variation of f(x,b) as
x varies about a and y is fixed at b, or the variation of f(a,y) as y varies about b and x is fixed
at a. These are movements that run parallel to either the z-axis or the y-axis. What of the
variation of f(x,y) that occurs by varying (z,y) about (a,b) along some straight line that runs
parallel to, say, y = x or y = —2x7 For that there is the directional derivative.

Definition 14.47. Let u = (uy,...,u,) be a unit vector, and x € R™ an interior point of
Dom(f). The directional derivative of f in the direction u at x is

001 5) — ty L0 ) — 1)

h—0 h ’

(14.23)

provided the limit exists.

Using Definition the limit ((14.23)) is found to be equivalent to the following statement:
For every € > 0 there exists some ¢ > 0 such that, if 0 < |h| < § and x + hu € Dom(f), then
f(x+ hu) — f(x)
h

In R? we write u = (uy, us) and let x be (z,y), so that

Ot (1)) = }l_ri% f(x+ huy,y —l—hhuz) — f(z,v) (14.24)

If u=1i=(1,0), then (14.24)) becomes

f(x—i—h,y)—f(x,y)
h

—Ouf(xX)| < e

and similarly
Oif (x,y) = fy(x,y) = 0, f(z,y).

Thus it’s seen that the partial derivatives of a function are just special instances of a directional
derivative.

The most convenient way to compute a directional derivative in practice is to use the formula
provided by the following theorem.

Theorem 14.48. If f is differentiable at x € R™ and u is a unit vector, then
Ouf(x) = Vf(x) - u.
Proof. Suppose f is differentiable at x and u = (uy, ..., u,) with ||u|| = 1. By Definition
Tt h) — (0~ V/(9) -

h—0 |||

=0,

and so if we substitute hu for h and observe that hu — 0 if and only if A~ — 0, then we obtain
L fe ) — (%) — VF() - ()

h—0 |h|

=0,
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where ||hul|| = |h|||u]| = |h|. From this we can conclude that
h—0 h
Also we have
. V(%) - (ha) . AVf(x)-u _
]1113% — = }lllg(l) — = ]lgr(l) [Vf(x) - u] = Vf(x) - u. (14.26)

Adding the limits (14.25)) and (14.26]) using the appropriate limit law gives
Pl ) = 109 = 960 )y, 979 )

0+ Vf(x)-u=lim

h—0 h P
iy [F 10 = F(0) V() - () | VF(x) - ()
h—0 h A
hu) —
— ing L E=I)
and therefore 0, f(x) = Vf(x) - u. .

Thus if f: D C R? — R is differentiable at (a,b) € U and u = (uy, us), then
Ouf(a,b) = Vf(a,b)-u
= (fa(a,0), fy(a, b)) - (u1, up)
= fu(a,b)us + f,(a,b)us.

This particular formulation will be used in the next example.

Example 14.49. Compute the directional derivative for the function
x

flay) = ——

at the point (4, 1) in the direction of (—1,2).

Solution. The direction vector u must be a unit vector, and so

(-1,2)  (-1,2) < 1 2>‘

TRl T VR TN VRS
Now we obtain expressions for f,(z,y) and f,(z,y):
_(@—y)-Ou(r) —x-Oi(z—y) (—y)d)—2z(1-0 y
folwy) = (x —y)? a (z —y)? - (z—y)?
and
_ -y o) —x-9y(z—y) (z—y(0)—=20-1) =
By = (o7 N C R

We now reckon thusly:

= () 002 - () () - 5

No cities on the Moon yet, but we're getting there. |
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Proposition 14.50. Let f be differentiable at point x € R™.
1. If Vf(x) # 0, then Oy f(x) is mazximal for
u = Vf()/[IVf )],

and the mazimum value is ||Vf(x)]|.
2. If Vf(x) # 0, then Oy f(x) is minimal for
u = =Vf(x)/IIVI ),

and the minimum value is —||Vf(x)]|.
3. If u L Vf(x), then 0,f(x) = 0.

Proof. For the proof of (1), suppose that Vf(x) # 0. By Theorems and 12.7 we have
Ouf (%) = VI(x) - u= [[Vf(x)[[[lull cos(0) = [[VF(x)]| cos(6),

where 0 € [0, 7] is the angle between the vectors u and Vf(x). Thus 0, f(x) is maximal when
6 = 0, and the maximum value is ||Vf(x)||. Now, the fact that # = 0 implies u has the same
direction as Vf(x), meaning u = kVf(x) for some k > 0. From ||kVf(x)|| = ||u|| = 1 we obtain
k =1/||Vf(x)|, and therefore 0, f(x) is maximized when u = Vf(x)/||Vf(x)| as claimed. This
is easily verified:
Vf(x) 1
x) = Vf(x) - u = Vf(x) - = x) - Vf(x)] = X
Ouf(x) = Vf(x) VI (x) VT~ NP [V (x) - VI(x)] = [V (x|

(recall the general property v - v = ||v]|?). This proves (1).

For the proof of (2), observe that from 0, f(x) = ||Vf(x)]|| cos() it follows that O, f(x) is
minimal when § = 7, which implies that u points in the opposite direction as Vf(x). The rest
of the argument is similar to the proof of (1).

For the proof of (3), suppose that u L Vf(x). By definition this means Vf(x) - u = 0, which
immediately implies that 0, f(x) = 0. [ |

Example 14.51. Let C be the path of steepest descent on the surface S given by f(z,y) =
y + 7!, starting at the point (1,2,3) € S. Find an equation for the path Cy that is the
projection of C onto the xy-plane.

Solution. By Proposition [14.50{2), at any point (z,y, f(z,y)) € S, the direction of steepest
descent is —Vf(z,y) = (1/2* —1), which is a vector in the zy-plane. So if Cj is given by
r(t) = (x(t),y(t)) for t > 0, then for any ¢ the tangent vector to Cy at the point (x(t),y(t)),
which is r/(¢), must be in the direction of (1/z%(t), —1). Therefore we set

1
(1) = (' (t), v/ (t :<—,—1>,
(0 = @050 = (7
from which we obtain the differential equations 2’ = 272 and 3y’ = —1. The first equation can be
solved by the Method of Separation of Variables[l| which for our present purposes will simply

HEully explained in §2.2 of my Differential Equations manuscript.
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be characterized thusly:
d 1 1
Yo o Pde=dt = /xde:/dt = -1 =t+ K,
dt 22 3
or x(t) = v/3t + K for arbitrary constant K. The equation y' = —1 easily gives y(t) = —t+ Ko
for arbitrary K.
Since C' is given to start at (1,2,3), we must have Cy start at (1,2); that is,

r(0) = (x(0),4(0)) = (1,2).

From {/3(0) + K; = 2(0) = 1 we obtain K; = 1, and from —0 + K, = y(0) = 2 we obtain
K5 = 2. Therefore an equation for Cj is

r(t) = (V3t+1,2—t), t>0.

Incidentally, this implies that
p(t) = ((Bt+1)V? 2—1, 2—t+ (3t +1)71/%)

for ¢t > 0 is an equation for C itself. [ |

For what follows, recall that a vector v is said to be orthogonal to a curve C' at a point
x € C where C' is smooth if v is orthogonal to the tangent line to C at x.

Proposition 14.52. Suppose f has continuous first partials on an open set U C R2. If
(xo,%0) € U, Vf(zo,y0) # 0, and C s the level curve of f at (xo,y0), then the following hold.

1. C is smooth at (z9,Yo).
2. Vf(xo,y0) is orthogonal to C' at (o, yo)-

Proof.
Proof of Part (1). Suppose that Vf(xg,yo) # 0 for some (xq,yo) € U, so either f,(zo,vo) # 0

or fy(xo,yo) # 0. Suppose that f,(xo,v0) # 0. By Proposition [14.45(1) there exists an open
interval I C R containing xy and continuously differentiable function h : I — R such that, for

all v € I,
(2, h
i) = Lol
fy(x; h(x))
Let ¢ = f(xg,yo), so the curve C that is the level curve of f at (zg,yo) is given by f(z,y) = c.

As shown in the proof of Proposition [14.45(1), the function h is such that h(xzg) = yo and
f(z,h(z)) = c for all x € I, which is to say that C is given by y = h(z) for all z € I. Thus C
admits the local parametrization

(14.27)

r(z) = (z,Mx)), zel,
where xy € I and r(zg) = (xo, yo). Since x and h(x) are differentiable on I, and
h(x) = (1,1 (x)) # 0

for all z € I, we see that r(x) is a smooth parametrization of at least a part of C' containing
(20, Yo). Therefore C' is smooth at (zg, yo).
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Proof of Part (2). Next, by ({14.27)) the slope of the tangent line ¢ to C' at the point (zg,yo) is
h/(on) _ _f:p(l'[h h(ﬂfo)) _ _f:v(iUo,yo)

fy(@o, h(xo)) fu(xo,90)
A vector parallel to ¢ is (— f,(xo, ¥0), fz(20,%0)). Now,

Vi (o, y0) - (= fy(To,Y0): fo(To, %0)) = (f2(z0,y0), fy(T0,%0)) - (= Fy(Z0, ¥0) f=(Z0, ¥0))
= — fx(%0, Y0) fy (20, o) + fy(0, Y0) fz(T0, 40) = 0

shows that Vf(zo,yo) is orthogonal to £. Therefore Vf(xg, o) is orthogonal to C' at (zg, o).
A similar proof using Proposition [14.45(2) comes to the same conclusion if we assume that

Je(w0,0) # 0. [ |

The proof turns up a result that is important in its own right: If f has continuous first
partials on open set U C R?, (z9,v0) € U, f(x0,y0) = ¢, and f,(xo,y0) # 0, then the slope of
the level curve given by f(z,y) = c at (zo,yo) is

_fx(%,yo)
fy(xo, v0)

From this the following obtains.

Corollary 14.53. If f has continuous first partials on some open set in R? containing the level
curve C' given by f(z,y) = ¢, then the slope of C is —f.(x,y)/f,(z,y) for all (x,y) € C for
which f,(x,y) # 0.
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14.6 — TANGENT SPACES AND DIFFERENTIALS

Given a function F for which Dom(F) C R3, the set of points (z,vy,2) that satisfy the
equation F'(x,y,z) = 0 will quite typically form a surface S in space. It is often the case that,
very near a point xg € S, the surface can be fairly well approximated by a plane. For instance,
although the Earth is essentially a sphere, to the skipper of a ship in the middle of the ocean it
appears to be essentially a plane (see Figure . The plane that “best” approximates a surface
S at a point X is called the tangent plane to S at x,.

To be more precise, suppose that S is a surface in R" given by F(x) = 0, and X is a point
on S. If I is differentiable at xy then we have

F(x) — F(x9) — VF(xp) - (x —Xo)

llm = 07
x=%o [ — o]

and since xo € S if and only if F'(x¢) = 0, we next obtain
F(x) — VF(x) - (x —xp)

lim = Oa
X% [Ix = ol
which implies that
lim |F(x) — VF(x0) - (x —x0)| = 0. (14.28)
X—X0

That is, the function x — VF(x¢)- (x—X) approximates the function x — F'(x) with decreasing
error the closer x gets to xo. This in turn means, in particular, that the surface F'(x) = 0 is
better approximated by VF(xg) - (x — xg) = 0 the closer x gets to xo. Now, in the R? setting,
if it happens that VF(xg) # 0, then the equation VF(xg) - (x — x¢) = 0 is the equation of a
conventional plane known as a “tangent plane” (see Definition . In the general R™ setting
the term “tangent space” is used.

Definition 14.54. Let S be a surface in R™ given by F(x) = 0, and suppose xo € S. If F is
differentiable at xo with VF(xq) # 0, then the tangent space to S at xq is the surface Ty,
given by

VF(xp) - (x —x9) =0, (14.29)

We say S is smooth at xq € S if there exists a tangent space to S at xg.

I G o = A

e Y

FIGURE 63. Stereoscopic image of a tangent plane to a surface in R3.
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In R? a tangent space may be called a tangent line (the very same kind of tangent line of
Chapter 3 acquaintance), and as said before, in R3 a tangent space may be called a tangent
plane. Any surface in R given by

n-(x—c)=0

for some constant n,c € R™ with normal vector n # 0 is known as a hyperplane, and so any
tangent space in R" is in fact a hyperplane.

A vector v is said to be orthogonal (resp. parallel) to a hyperplane n- (x —c¢) =0 if v
is parallel (resp. orthogonal) to n. Moreover, a vector v is orthogonal (resp. parallel) to a
surface S at x¢ € S if v is orthogonal (resp. parallel) to the tangent space to S at X, provided
S is smooth at xg. Since such a tangent space is a hyperplane with normal vector VF(xg), it
follows that v is orthogonal to S at x, if v is parallel to VF'(xg), and v is parallel to S at xq if
v is orthogonal to VF(xg). It can be instructive to compare these definitions with the findings
of Proposition [14.52]

Let S be a surface in R? given by F(z,y,z) = 0 that is smooth at (zg, o, 20). Then from

the tangent plane to S at (o, yo, 20) has equation
(Fe(z0, 90, 20), Fy (0, Yo, 20), Fx(20, 40, 20)) - (& — 0,y — Y0, 2 — 20) = O,
or equivalently
Fo (20,90, 20)(x — x0) + Fy(z0, Yo, 20)(y — ¥o0) + F= (%0, Yo, 20)(2 — 20) = 0. (14.30)
Define the function L : R® — R by
L(z,y,z) = Fy(xo, Y0, 20)(x — z0) + Fy (0, Yo, 20) (Y — Yo) + F=(z0, Yo, 20)(z — 20).  (14.31)
By equation ([14.28) and the discussion following it, we find that
L(z,y,2) ~ F(x,y, 2)

for (z,y, z) sufficiently near (zg, yo, 20). More precisely, for any € > 0 there is some § > 0 such
that

\/(:v—xo)2+(y—yo)2+(z—20)2 <6 = |L(x,y,z)— F(z,y,2)| <e

for all (z,y,z) € Dom(F'). The function L given by (14.31)) is called the linearization of F' at

(70, Y0, 20)-

The case when a surface S in R? is given by z = f(z,y) warrants special attention. First,
we can write the equation for S as z — f(x,y) = 0, and thus characterize S as being given by
F(z,y,z) =0 for

F(.T,y,2> - Z—f(.%',y)
Then
Fw(x07y0720) = _fx(LE‘O?yO)? Fy('r07y0720) = _fy<x07y0>7 FZ('TO7y07 zU) = 17

which immediately makes clear that V F'(xg, yo, 20) # 0, and so we only need F' to be differentiable
at (zo, Yo, 20) in order for S to be smooth there. [t is a fact that F will be differentiable at
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(%0, Yo, 20) if and only if f is differentiable at (xo,yo)El Now, observing that
(20,40, 20) € S & F(%0,90,20) =0 & 2 = f(z0, %),
we apply to obtain the tangent plane to S at (o, yo, f(Zo,%0)):
2= fu(o,y0)(x — wo) + fy(0,Y0) (Y — yo) + f (20, Yo)- (14.32)

This is quite similar in form to the equation of a tangent line to a curve give by y = f(x) at the
point (xo, f(zo)), which is
y = f'(zo)(x — x0) + f (o)

provided f’(zq) exists.

Recalling (14.31)), the estimate L(x,y, z) = F(z,y, 2) for (z,y, z) near (xq, yo, 20) is equivalent
to

— fu(wo,90)(x — 20) — fy(%0,Y0)(y — %o0) + 2 — f(@0,%0) = 2 — f(z,9),
and hence
f(ﬂi', y) ~ fx(xov yo)(x - .Z'o) + fy(an y[))(y - yO) + f(x07 yO) (1433)

for (z,y) near (zg,yo). If we denote the right-hand side of (14.33)) by L(z,y), then f(x,y) ~
L(x,y) for (z,y) near (xq,yo). We make the following definition.

Definition 14.55. If z = f(x,y) is differentiable at (xo,yo), then the linearization of f at
(0, Yo) is
L(z,y) = fu(wo, y0)(x — 20) + fy (w0, Y0) (¥ — vo) + f(T0, Y0), (14.34)

The next example illustrates how a tangent plane can be used as an approximation to a
surface in space. In general the error of the approximation increases the further from the point
of tangency one wanders.

12This would be a worthy exercise for the reader.
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FIGURE 64.



355

Example 14.56. Consider the surface S given by
fz,y) =12 — 42* — 8>
(a) Find the tangent plane to S at (—1,4, —120).

a
(b) Find the linearization of f at (—1,4).
(c) Use the linearization L to approximate f(—1.05,3.95).

Solution.

(a) We can use equation (14.32) with ¢ = —1 and b = 4. From f,(z,y) = —8z we get
fz(=1,4) =8, and from f,(z,y) = —16y we get f,(—1,4) = —64; then, since f(—1,4) = —120,
the equation of the tangent plane is

z=8(x+1)—64(y —4) — 120,
or simply z = 8z — 64y + 144.

(b) Comparing equation ((14.32)) with equation ((14.34]), we can see that the work needed to find
the linearization has already been done in part (a). We have

L(z,y) = 8z — 64y + 144.

(¢) The function L(x,y) = 8x — 64y + 144 is a linear approximation of f for points (x,y) near
(—1,4). So, in particular we have

f(—1.05,3.95) ~ L(—1.05,3.95) = 8(—1.05) — 64(3.95) + 144 = —117.20,

which is quite close to the actual value f(—1.05,3.95) = —117.23. See Figurefor an illustration
of the surface S and the tangent plane to S at (—1,4, —120). [ |

If a surface S in R3 is given by F(z,y,2) = 0, then a tangent plane to S at the point
xo = (Zo, Yo, 20) is said to be horizontal if it has an equation of the form z = d for some
constant d. In general this is the case if and only if the normal vector n for the plane is (0,0, ¢)
for some ¢ # 0, and since n may be taken to be VF(xg) in the present context, we see that a
tangent plane to S at x is horizontal if and only if VF(xq) = (0,0, ¢) for some ¢ # 0.

Example 14.57. We look for points on the surface S given by
4yt —22 =20 4+2y+3=0

where the tangent plane is horizontal. These will be points (z,y, z) € S such that VF(x,y, z) =
(0,0, ¢) for some ¢ # 0. Here

F(z,y,2) =2 +y* — 2> =22+ 2y + 3,
so Fy(z,y,2) =22 — 2, Fy(x,y,2) =2y + 2, and F,(z,y,2) = —2%, and hence
VF(z,y,z) = (2x — 2,2y + 2, —2z).

Now,
VF(z,y,z) =(0,0,¢) = (2x—2,2y+2,—2z) =(0,0,¢),
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which requires z = 1, y = —1, and z = —¢/2. On the other hand (1, —1, z) € S requires
124 (=1)* =22 —=2(1) + 2(=1) + 3 =0,

giving z = £1. Since z = 1 and z = —1 both result in ¢ # 0 in z = —¢/2, we find that there are
precisely two points where S has a horizontal plane: (1,—1,1) and (1, —1,—1). [ |

Again consider a surface S given by z = f(z,y), smooth at some point (xg, yo, f (%o, %0))-
(As we found earlier, z = f(x,y) is smooth at (xq, yo, f(z0, o)) if and only if f is differentiable
at (xo,v0).) Suppose (z,y) € Dom(f). Letting Ax =z — xg and Ay = y — 1, so that

(.Z',y) - (IO + A‘7:7y0 + Ay)?

we define Af to be the change in the value of f in going from (xg,yo) to (zo + Az, yo + Ay);
that is, we define

Af = f(xo+ Az, yo + Ay) — f(xo, Yo)-
Since z = f(z,y), a change in f corresponds to an identical change in z, and so we also define
Az =Af.
Next, define the total differential (or simply the differential) of f at (zg,yo), denoted by

df , to be the change in the value of the linearization L of f at (zo,yo) in going from (zg,yo) to
(zo + Az, yo + Ay):

df = L(zo + Az, yo + Ay) — L(xo, Yo)-
Note that in our notation Az and Ay denote a change in the value of x and y, respectively,
just as Az signifies change in z. However, in the current setting x and y are the independent

variables, so we quite reasonably define the differential of x at xy to be de = Ax, and the
differential of y at yo to be dy = Ay. Thus

df = L(zg + dx,yo + dx) — L(z0, o).
Now, from ([14.34]) we have L(zq,yo) = f(z0,yo) and

L(xo 4 dx,yo + dx) = fo(x0,yo)dx + fy(z0,yo)dy + f(x0,%0),
and therefore
df = fa(z0,y0)dz + fy(x0,y0)dy. (14.35)

If zg and yq are fixed, then df is a function only of dz and dy. Alternatively we could write

df = fu(x0,90)(x — 20) + fy(20,%0) (Y — Yo)

and see df as a function of x and y, but is nearer to the conventional notation in the
sciences since dx and dy are often thought of as very small quantities or “infinitesimals.” Such
infinitesimals are generic, which is to say they are not regarded as equalling any particular real
numbers, which is why the proper function notation df (dz, dy) is not used in (14.35)).

If the point (zg, yo) is allowed to vary, then more care with the notation must be taken. After
all, the linearization L of f at one point is usually not the same as at another point. Letting
p = (%0, Yo), we may let the symbol df,, denote the differential of f at p:

dfy = fz(p)dx + f,(p)dy.
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Finally, if no point p is specified (or if a particular point is taken to be understood), then we
write simply
f of ,

S oda
+(9yy

df = fedx + fydy or df =

both being common notations.
We now extend the idea of linearizations and differentials of functions to a more general
setting.

(14.36)

Definition 14.58. If y = f(x) is a real-valued function that is differentiable at
Xo = <x01, Ce 7$0n> c Rn,

then the linearization of [ at x¢ is

L(x) = f(x0) + Z Fau(%0) (; — @o1), (14.37)
and the total differential (or simply the dzﬁe'r'entzal) of [ at xq is

dfy, = L(x) Z f, (X0)dz;, (14.38)

where dx; = x; — xg; for each 1 <1 < n.

As we also saw in §4.6, differentials have properties that are formally the same as those of
derivatives. For instance, for functions f and g, the differential of the product fg is
n n

d(fg)xo = Z(fg)mz (XO)d'ri = Z(fng + fgzz)<X0)d‘T2

1 i=1

=37 (fuu(x0)9(x0) + f(%0) g, (x0)) e

=1

= g(xo) Z fui(X0)dzi + f(%0) Z 9a; (X0)d;

= g(xo)deO + f(X(J)ngm

using the product rule for partial differentiation.

Strictly speaking dfy, in Definition is a function of the n independent variables
dzq,...,dx,, but again, in the sciences the dz; are taken to be generic infinitesimals: tiny
changes in the coordinates of x( to arrive at another point x nearby. This means two things:
first, real numbers are not substituted for dxq,...,dz,, so the role of the dz; as “inputs” for
the function dfy, is largely lost; and second, the fact that each dx; is technically a subtraction
operation involving the ith coordinate of xq is of little relevance. So, while defines a
proper mathematical function, the notation used more reflects its practical role as a tool for
physicists and other specialists.

If we define dx = (dxy, ..., dz,), which is to say dx = x — X, then equation ((14.38)) may be
written as

dfx, = V f(x0) - dx.
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Stripping away from this any explicit mention of a linearization point xq leads to the form
df =V f-dx,

which is serviceable if context makes clear what the linearization point is supposed to be, or
it’s desired that no particular linearization point be specified. Finally, it’s common practice to
write something like

df = Vf(x)-dx, (14.39)

which certainly indicates that x is the linearization point, but in this case dx must be formu-
lated somewhat differently as a vector whose coordinates are the incremental changes in the
corresponding coordinates of x. Thus we may write, say,

dx = (x + Ax) — x = Ax.

We have seen this kind of treatment before: in the single-variable setting of §4.6 in which
y = f(z), the resultant differential formula was given as

dy = f'(x)dz,
which is formally the same as (14.39) in that = is the linearization point and dx = Ax.
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14.7 — MULTIVARIABLE OPTIMIZATION

We start by assuming f to be a function of n independent variables for some n > 2, although
the first definition is “backward-compatible” to functions of a single variable (see Chapter 4).

Definition 14.59. For a function f: D — R with domain D C R"™, let c € D. If there exists an
open set U containing ¢ such that f(x) < f(c) for allx € DNU, then f has a local maximum
at c. If there exists an open set U containing ¢ such that f(x) > f(c) for allx € DNU, then f
has a local minimum at c.

If f(x) < f(c) for allx € D, then f has a global mazximum at c. If f(x) > f(c) for all
x € D, then f has a global minimum at c.

Proposition 14.60. If f has a local extremum at ¢ and Vf(c) exists, then Vf(c) = 0.

The proof of this proposition will come later, but for now observe that by Definition [14.23],
in order for Vf(c) to exist, it must be that c is an interior point of Dom(f) and all first-order
partial derivatives of f exist at c.

Definition 14.61. A point c in the interior of Dom(f) is a eritical point of f if Vf(c) =0
or Vf(c) does not exist.

Definition 14.62. A critical point ¢ of f is a saddle point if, for every open set U containing
c, there are points x,y € U such that f(x) > f(c) and f(y) < f(c).

Henceforth the focus in this section will be exclusively on functions of two independent
variables x and y. Thus all functions will have domains in R?, and any point x will be understood
to have coordinates (z,y), with ¢ becoming (a, b) in particular. Then Vf(a,b) = 0 if and only if
fz(a,b) = fy(a,b) =0, and Vf(a,b) does not exist if and only if either f,(a,b) or f,(a,b) does
not exist.

We come now to the piéce de résistance of this section, a theorem whose proof is to be
included later when time allows. First, given a function f : D C R? — R, we define the
discriminant function ¢ by

@(x,y) = fazx(z’y)fyy(x7y) - iy(x,y),

which figures prominently in the following.

Theorem 14.63 (Second Derivative Test). Suppose the second-order partial derivatives of f
are continuous on an open set U containing (a,b), and f.(a,b) = f,(a,b) = 0.

1. If ®(a,b) > 0 and fy.(a,b) <0, then f has a local mazimum at (a,b).
2. If ®(a,b) > 0 and f..(a,b) > 0, then f has a local minimum at (a,b).
3. If ®(a,b) <0, then f has a saddle point at (a,b).

If ®(a,b) = 0 the test is inconclusive, in which case one should try the Method of Lagrange
Multipliers in the next section.
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Example 14.64. Use the Second Derivative Test to find the local extrema and saddle points, if
any, of

flay) =a* —a'/2 —y* —ay.
Solution. First we obtain the first partials of f:
folz,y) =22 —22° —y and f,(z,y) = —2y —=.

We now search for critical points. Since the first partials exist on all of R?, we look for points
(z,y) where f,(x,y) = f,(z,y) = 0. This gives a system of equations

Putting y = —x/2 from the second equation into the first yields 2z — 22® + x/2 = 0, which
solves to give x = 0,4+/5/2. Thus we obtain three critical points:

Po = (07 0)7 P = <\/5/27 _\/3/4) , and py = (—\/3/27 \/5/4> .
We now obtain the second partials of f:
fmm(x7y) =2- 6£E2, fyy(l'ay) = _27 and fxy(xay) = —1

From these we find that ®(x,y) = 1222 — 5. Calculating the values of the second partials and ®
at po, p1, and py gives:

foo | Fou| s | @
| 2 |—2|-1]-5
p| =55 -2|-1]10
po| =55 —2|—1]10

FIGURE 65. The surface z = 22 — 24/2 — ¢* — zy.
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Since ®(pg) < 0, we conclude that f has a saddle point at (0,0). Since ®(p;),P(p2) > 0
and foz(p1), fox(p2) < 0, we conclude that f has local maximums at (\/5/2, —\/5/4) and

(—\/5/2, \/5/4> Drink in Figure [65] to see the lay of the land. [ |

We turn now to the problem of finding the global extrema of a continuous function
f:D CR? = R when D is a closed, bounded set. The procedure is as follows:

e Find all critical points for f that lie in D.

e Find the points where flgp (i.e. f restricted to the boundary of D) may have an
extremum.

e Evaluate f at all the points found above. The greatest value of f found is the global
maximum value of f on D, and the smallest value is the global minimum value.

The second step may require use of the Closed Interval Method of Chapter 4 fame if restriction
of f to some part of dD effectively reduces f to a function of a single variable.

Example 14.65. Find the global extrema of the function
flz,y) =32 +y* =32 -2y +4

restricted to the rectangle R = {(z,y): -1 <2 <1,—-1 <y <2}

Solution. First we obtain all necessary partial derivatives of f: f,(x,y) =6z — 3, f,(z,y) =
2y — 2, fuu(z,y) =6, fyu(z,y) =2, and f,,(z,y) = 0. Also we have ®(z,y) = 12.

Now we find all points (x,y) for which f,(z,y) = f,(x,y) = 0, which entails finding points
that satisfy 62 — 3 = 0 and 2y — 2 = 0 simultaneously. This easily leads to the single critical
point (1/2,1).

We now search for all the points on D where f|yp may have an extremum. We do this by
analyzing f on each side of the rectangle, one at a time.

FIGURE 66. The surface z = 322 + y? — 32 — 2y + 4.
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On the top side of the rectangle R we have y = 2. Restricted to this line segment, the
function f is given by

f(ac,2):3x2+22—3x—2(2)+4:3x2—3x+4:3(x_%)2

13
T
for —1 < x < 1. The expression on the right should make it clear that f(-,2) must have a
minimum at ¢ = 1/2 and a maximum at x = —1 (use the Closed Interval Method here, if
necessary), which corresponds to points (1/2,2) and (—1,2).

Next, we consider f restricted to the bottom side of R, where y = —1. Here f is given by

fla,=1) =322+ (~1)> =3z —2(~1) +4 =3 —3e+7=3 (- 1)+ B

for —1 < 2 < 1. From the expression on the right it’s seen that f(-,—1) has a minimum at
r =1/2 and a maximum at x = —1, corresponding to points (1/2, —1) and (—1,—1).
On the left side of R where x = —1, f is given by

f(=1,9)=3(-1)+9*=3(-1) -2y +4 =9 -2y + 10 = (y—1)2+9

for —1 <y < 2. From this it’s seen that f(—1, -) has a minimum at y = 1 and a maximum at
y = —1, corresponding to points (—1,1) and (—1,—1).
On the right side of R where x =1, f is given by

fLy) =312+ =31 —2y+4=9>—2y+4=(y—1)>+3

for —1 <y < 2. We find that f(1, -) has a minimum at y = 1 and a maximum at y = —1,
corresponding to points (1,1) and (1,—1).

Finally we evaluate f at all the points found above. We have f(1/2,1) = 2.25, f(1/2,2) =
3.25, f(—1,2) = 10, f(1/2,—1) = 6.25, f(—1,—1) = 13, f(=1,1) = 9, f(1,1) = 3, and
f(,-1)="1.

Therefore f has a global minimum on R at (1/2, 1) which equals 2.25, and a global maximum
on R at (—1,—1) which equals 13. Gaze wonderingly at Figure [66] [ |
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14.8 — LAGRANGE MULTIPLIERS

For what follows, recall that a vector v is said to be orthogonal to a curve C' C R™ at a point
a € C' where C is smooth if v is orthogonal to the tangent line to C' at a. By definition the
tangent line to C' at a is the line containing a that is parallel to the tangent vector to C' at a
given by any smooth parametrization of C'. Thus, if r(¢) is such a smooth parametrization, and
r(ty) = a, then the set
{a+tr'(a):t € R}
is the tangent line to C' at a.

Proposition 14.66. Let C' be a smooth curve in R? such that C' = {(z,y) : g(z,y) = 0} for

some function g, let U be an open set containing C', and let f : U — R be differentiable on U.

If fle has a local extremum at (a,b) € C, then the following hold.

1. Vf(a,b) is orthogonal to C' at (a,b).

2. If g has continuous first partials in a neighborhood of (a,b) and Vg(a,b) # 0, then there
exists some X € R such that Vf(a,b) = AVqg(a,b).

Proof.
Proof of Part (1). Let

r(t) = (z(t),y(t)), tel,

be a smooth parametrization for C, so there exists some ¢( in the interval I such that r(¢y) = (a, ).
With this parametrization the tangent vector to C' at (a, b) is r'(¢o), and so to show that Vf(a,b)
is orthogonal to C' at (a,b) it will suffice to show that

Vf(a,b)-1'(ty) = 0.

By hypothesis f|c has an extremum at (a,b), and since (a,b) = r(ty), it follows that
flecor: I — R has an extremum at ¢, € I. Observing that r(I) = C, we have for = fl|cor,
and hence for: I — R has an extremum at t5. Now, since r is differentiable at ¢ty and f is
differentiable at r(¢y), by the Chain Rule (Theorem we find that f or is differntiable at
t(), with

(f or)'(to) = Vi (x(t)) - x'(to).

On the other hand, since f or has a local extremum at tq and (f or)'(fy) exists, Fermat’s
Theorem (Theorem implies that (f or)’(ty) = 0. Hence

Vif(a,b) - ¥'(to) = Vi (r(t)) - x'(to) = (f o r)'(to) =0,

as desired.

Proof of Part (2). Suppose g has continuous first partials in a neighborhood of (a,b) and
Vg(a,b) # 0. Then by Proposition Vig(a,b) is orthogonal to the level curve of g at
(a,b), which is precisely the curve C, and so Vg(a, b) is orthogonal to the tangent line to C' at
(a,b). Since Vf(a,b) is orthogonal to the same line by part (1), it follows that Vf(a,b) and
Vg(a,b) are parallel vectors if Vf(a,b) # 0. Thus there exists some scalar A € R such that
Vf(a,b) = AVg(a,b), with A = 0 if Vf(a,b) = 0. [ |
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The function f in Proposition [14.66[is the objective function, and the function g is the
constraint function. The proposition offers a means whereby local extrema of the objective
function may be found subject to the constraint g(x,y) = 0.

Theorem 14.67 (Method of Lagrange Multipliers in Two Variables). Let f be differen-
tiable and g have continuous first partials on a open set U C R? containing a closed level curve
C' given by g(x,y) =0, and let Vg(x,y) # 0 for all (x,y) € C. If

S ={(z,y) € C:Vf(z,y) = A\Vy(z,y) for some \ € R},
then

max f(x,y) = max f(x, and min f(z,y) = min f(x,y).
max f(z,y) = max f(z,y) Min f(z,y) = min f(z,y)

Proof. Proposition [14.52] ensures that C' is a smooth curve, so let

r(t) = (z(t),y(t)), tel,

be any smooth parametrization for C'. The functions r: I — C' and f : C' — R are continuous,
and so for: I — R is also continuous. Since C'is a closed curve, the interval I C R may be
taken to be a closed, bounded interval, and hence by the Extreme Value Theorem for: I — R
attains a global maximum value and a global minimum value. From this observation it follows
that f attains a maximum value and a minimum value on r(/) = C.

Now, the global extrema of f|c are of necessity local extrema of f|c, and so the global
maximum value of f|c must be the greatest local maximum value, and the global minimum
value of f|c must be the least local minimum value. Suppose f|c has a local extremum at
(a,b) € C. Then by Proposition there exists some A € R such that Vf(a,b) = AVg(a,b),
and we conclude that (a,b) € S. Thus S contains all the points on C' where f|c has a local
extremum. Therefore the maximum value of f on C will equal the maximum value of f on S,
and the minimum value of f on C' will equal the minimum value of f on S. ]

In the definition of the set S above, observe that (x,y) € C if and only if g(x,y) = 0.
Recalling the definition of the gradient operator V, the Method of Lagrange Multipliers in
essence states that the extreme values of the objective function f restricted to the constraint
curve g(x,y) = 0 will lie at those points (z,y) € R? for which there can be found some A € R
such that (z,y,\) is a solution to the system of equations

fo(@,y) = Mg (2, y)
fo(@,y) = Agy(z,y) (14.40)
9(z,y)=0

Some examples should help clarify the Lagrange Multiplier procedure, and also show how
the procedure may be applied to more general situations.

Example 14.68. Find the maximum and minimum values of
fla,y) ="y +10

subject to the constraint 2% + 2y% = 6.
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Solution. Defining
g(z,y) = 2* +2y° - 6,
we may write the constraint curve C' given by x? + 2y? = 6 as g(z,y) = 0. Since
Vy(z,y) = (ga(, ), gy (2, y)) = (22, 4y),

we have Vg(z,y) = 0 if and only if (z,y) = (0,0), but (0,0) does not lie on the curve g(z,y) =0
(that is, ¢(0,0) # 0), and so Vg(z,y) # 0 for all (z,y) € C. Since the polynomial function f is
differentiable everywhere, and ¢ has continuous first partials everywhere, all the hypotheses of

Theorem are satisfied. The system (14.40]) here becomes

2xy =2 \x
2 __
v" =4y (14.41)
22 +2y2 =6

The first equation in ([14.41)) offers two possibilities: either x =0 or A = y. If x = 0, then the
third equation becomes 2y*> = 6, whence y = ++/3, and we obtain two points: (0, \/g) and
(0, —\/3) If A =y, then the second and third equations become the system

22 —4y? =0
2?2+ 2% =6 (14.42)

Adding the first equation in (14.42]) to twice the second equation yields 322 = 12, and so z = +2.
Substituting this into the first equation, say, gives 4 — 4y? = 0, and so y = 1. We obtain four

FIGURE 67. In black the graph of f|o, with global maxima in red and global
minima in blue.
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points: (2,1), (2,—1), (=2,1), and (—2,—1). We evaluate f(x,y) at each of the six points we
found for which some )\ € R exists to satisfy (14.41]):

F0,4£V3) =10, f(+2,1) =14, f(+2,—-1)=6.

By Theorem we conclude that f|o has maximum value 14 at (£2, 1), and minimum value
6 at (£2,—1). See Figure [67] [ |

The Method of Lagrange Multipliers very easily extends to functions of three or more
independent variables, with much that same proof as the two-variable version.

Theorem 14.69 (Method of Lagrange Multipliers in n Variables). Let f be differentiable
and g have continuous first partials on a open set U C R™ containing a closed level set ) given
by g(x) =0, and let Vg(x) # 0 for all x € Q. If

S ={xe€Q:Vf(x) =AVy(x) for some X € R},
then

max f(x) = max f(x) and min f(x) = min f(x).

This theorem becomes Theorem in the case when n = 2, and the level set {2 becomes a
level curve C' in the zy-plane. When n = 3 the level set 2 becomes a level surface in xyz-space,
which here will usually be denoted by the symbol . When n = 4 the level set ) inhabits R*
and becomes impractical to depict graphically.

In the definition of the set S in Theorem [14.69] observe that x € Q2 if and only if g(x) = 0.
Thus the theorem essentially states that the extreme values of the objective function f restricted
to the constraint set g(x) = 0 will lie at those points x € R™ for which there can be found
some A € R such that (x, ) is a solution to the system of equations

ffE1 (X) = )‘gﬂcl (X>

fan (%) : A, (X) (14.43)
g(x)=0

Example 14.70. Find the maximum and minimum values of
flz,y,2) = xyz
subject to the constraint 2% + 2y + 422 = 9.
Solution. Defining
g(x,y,2) = 2 + 2° + 42> — 9,
we may write the constraint surface 3 given by x? + 2y* + 422 = 9 as g(z,y, z) = 0. Since
Vo(x,y,2) = (922, 9, 2), 9y (2, Y, 2), g:(2, y, 2)) = (22, 4y, 82),

we have Vy(z,y, z) = 0 if and only if (z,y, 2) = (0,0,0), but (0,0,0) does not lie on the curve
g(z,y,z) =0, and so Vg(z,y,z) # 0 for all (z,y,2) € X. Since the polynomial function f is
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differentiable everywhere, and ¢ has continuous first partials everywhere, all the hypotheses of

Theorem [14.69| are satisfied. The system (14.43)) here becomes

yz =2 \x
rxz=4M\y
Yy =8z (14.44)

9 =22+ 2¢% 4 422

The first equation in ([14.44)) offers two possibilities: either x = 0 or A = yz/2x.
e Suppose x = 0. Then the system ([14.44)) becomes

yz =0
Ay =0
8 Az =10
9 =2y + 422

From the first equation yz = 0 we find that either y =0 or z = 0.
o Suppose y = 0. The equations that do not reduce to 0 = 0 are

8\z=0 and 42°>=09.

From 422 = 9 we find that z = +3/2, whereupon 8\z = 0 yields A = 0, and thus
we obtain two points (0,0, £3/2) for which there exists some A € R such that the

system (|14.44) is satisfied.

o Suppose z = 0. The equations that do not reduce to 0 = 0 are

Ay =0 and 2y?>=0.

From 2y? = 9 we find that y = £3/1/2, whereupon 4\y = 0 yields A = 0, and thus
we obtain two more points, (0,£3/1/2,0), for which there exists some A € R such
that the system ((14.44) is satisfied.

e Suppose A = yz/2z, which implies that x # 0. Substituting yz/2z for A in the second
and third equations of (14.44)), we obtain the system

v2z = 2%z

vty = 4dyz’ (14.45)
9 =%+ 2y + 422

o Suppose z = 0. Then the second equation in becomes %y = 0, which implies
that y = 0 (since z # 0), whereupon the third equation becomes 2> = 9 and we find
that = = +3. We obtain another two points, (£3,0,0), for which there exists some
A € R such that the system is satisfied.

o Suppose z # 0. Then the first equation in becomes 22 = 2y?, and since
x # 0, it follows that y # 0 also. The second equation then becomes 22 = 422,
which together with z? = 2y? gives y? = 222, Putting 2% = 42? and y? = 22? into
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FIGURE 68. The constraint surface ¥: 22 + 2y% 4 422 = 9.

the third equation in (14.45) then gives 122 =9, and so z = ++/3/2. Now,

2 =42° = x::t2z:j:\/§
and
y2 =222 = y= +v2z = :E\/E/Q,

and we obtain eight more points (x,y, z) that satisfy
(l], |yl 1)) = (V3,v6/2,v/3/2).

We have found a total of fourteen points (z,y, z) for which there exists some A € R such that
the system (14.44) is satisfied. At the points (0,0, +3/2), (0,43/+/2,0), and (£3,0,0) we find
that f(z,y,2) = 0. At the remaining eight points we obtain f(z,y, z) = —3v/6/4 at

(~VB—5.—f), (~VBLB), (VBB (V5L )
and f(z,y,2) = 3v6/4 at
(VBB0), (~VB B4, (VB ), (VB )

202 2 2T T2

By Theorem [14.69| we conclude that f|y (i.e. the function f restricted to the set 3 given
by % + 2y* + 42° = 9, shown in Figure has maximum value 3v/6/4 and minimum value

—3v/6/4. [ |



369

APPENDIX

Here we will prove Theorem [14.30] in the R? case, using nothing other than the definition of
limit. The technique can be easily extended to the R? setting and beyond, but it can be seen to
be rather laborious.

Claim. If f is differentiable at (a,b) € R?, then it is continuous there.

Proof. Suppose f is differentiable at (a,b). By Definition [14.26| f is defined on some open set
U containing (a,b), and M; = f,(a,b) and M, = f,(a,b) are also defined.
Let € > 0 be arbitrary. By (14.8) there is some dy > 0 such that

0< Vh2+k2<60

implies that

fla+h,b+k)— f(a,b) — Mih — Mk L€ (14.46)
Vh? + k2 2
Choose
€ €
0 = min {1,5 , ) } )
U 4(M ]+ 1) 4( M| + 1)
If Vh2+ k2 =0, then h = k = 0 so that
fla+hb+k)= f(a,b),
and thus
|[fla+h,b+k)— f(a,b)] =0 <e.
Suppose that
0<VhZ+Ek2<0.
Then ((14.46)) implies
[Fla+h,b+k) = fla,b) = Myh = Myk| < £,
from which the general property |z| — |y| < |z — y| gives us
\fla+hb+k) — fla,b)| — | Mih+ Mok| < %
and thus .
|fla+h,b+k)— f(a,b)] < 5t | Myh + Msk|.
Applying the Triangle Inequality from §1.6 next yields
€
Fa+hb+K) = f(a,b)] < 5+ [M[h] + Mol (14.47)

Now,

€
hl<Vh2+E2<i< —————
< v OYAESY

implies that |h|(|M;|+ 1) < €/4, and therefore |M||h| < €/4. In similar fashion

€
El<vVh2+k<§< —v—
i 4(|My| + 1)
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leads to |Ms||k| < €/4. Then from (14.47)) we arrive at
€ € €
Uw+Mb+M—fMﬁﬂ<§+Z+1_a
We have now shown that whenever

Vh2+ k2 <9
we obtain
|fla+h,b+k)— fla,b)| <e,

which is to say

ol f(athb k) = f(a.b)

This limit easily implies that
lim f(z,y) = f(a,b),

(z,y)—(a,b)
and therefore f is continuous at (a, b). [ |
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MULTIPLE INTEGRALS

15.1 — DOUBLE INTEGRALS OVER RECTANGLES

From here onward we take a region to be any set of points in R™. A region R C R" is open
if it is an open set, closed if it is a closed set, and bounded if there exists some x € R" and
r € (0,00) such that R C B,(x). Thus a region is bounded if it can be contained in an open
ball of finite radius. A region that is both closed and bounded is said to be compact. Finally,
regions in R? will usually be denoted by R or S, and regions in R3 by D or E.

In this section we take the first step toward extending the notion of a definite integral to
functions of two variables to obtain what are called double integrals. Instead of integrating a
one-variable function over an interval I C R, we integrate a two-variable function over a region
R C R2. We start with R being a rectangle, and then progress in the next section to more
general regions.

Before considering double integrals we should become acquainted with the notion of an
iterated integral, which is an expression of the form fcd f; f(z,y)dxdy, where by definition

/Cd/abf(:c,y)dxdy:/Cd[/abf(x,y)d:c] dy. (15.1)

Thus, fcd fab f(z,y)dzdy is evaluated by first evaluating fab f(x,y)dx, where the integration is
done with respect to x and y is treated as a constant, and then integrating the result with
respect to y. Similarly we have

’ df(a:,y)dyda:: b df(x,y)dy dx. (15.2)
Iy A

Example 15.1. Evaluate

s 3
/ / (3x2y —y sin(xy)) dxdy
o J1
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Solution. We obtain

/07r /13[3:1321/ — ysin(zy)]dzdy = /07r [/13 (32%y — ysin(zy)) d:x] dy

= [ la+ costen)]ydy = [ L2y + cost3) = G+ cosn) ]y

T 1
= / [26y + cos(3y) — cosy| dy = [13y2 - 3 sin(3y) — sin y} = 1372,
0 0

using equation (|15.1)). |

The definition of a double integral of a function f over a rectangular region R C R?, which
is denoted by any one of the symbols

jf f jffdA, fj f(z,y)dA, or jf f(z,y)dxdy

(in order of increasing specificity), involves a limit of a double Riemann sum. It will be included
in these notes at a later date, but suffice it to say that one rarely evaluates a double integral
using the definition, but rather employs the following result.

Theorem 15.2. Let R = [a,b] X [¢,d]. If f: R — R is continuous, then

Hf //fxydxdy—//fxydydm

Figure (1| depicts the rectangle R = [a, b] X [c, d] featured in the theorem in the usual case
when a, b, c,d > 0.

Example 15.3. Evaluate

jf y° sin(xy?) dA
Rz{(m,y):OSazgl,OSyS\/r/Q},

choosing a convenient order.

over the region

Solution. We'll undertake evaluation using the order dxdy. We obtain

\/ /2 y3 1
jjy sin(zy?) dA = / / y° sin(xy? dxdy—/ [_E cos(ny)} dy
0

/Oﬁ—y(COSyQ —1)dy = /0\/772

ydy —
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where the first equality follows from Theorem [15.2] and the fifth equality uses

yeosy?) = 5 [sin?)]

together with Theorem [5.28|['
The question is, how does the order dydx compare with dzxdy? Is it still reasonably doable?

In this case we straightaway come up against the integral

w/2
/ y® sin(zy?®) dy,
0

which demands the substitution v = y? in order to get

1 w/2
5 / usin(zu) du,
0

where x is treated as a constant. However, integration by parts next gives

1 . <7r > T (77 )
——sin|( —z ) — — cos| =z
212 2 Az 27 )

which we would need to integrate with respect to x as the next step:

r1o s s
/ [2_562 Sln<§x) i COS(§CL’):| dx.
0

This turns out to be highly problematic! |

13This approach is an alternative to applying the Substitution Rule with u = 2.
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15.2 — DOUBLE INTEGRALS OVER GENERAL REGIONS

A first definition of the double integral usually restricts the region of integration to sets in
R? that are closed and bounded, which is to say any region R C R? that is compact. But there
is little to prevent considering other kinds of regions. Note that if R is a bounded set, then the
closure of R, R = RUOR (see §13.0), is a compact set.

Definition 15.4. If R is a bounded region, not necessarily closed, and f is a function that is
continuous on the closure R of R, then we define

-1+

We now set out to improve on Theorem [15.2] so that it applies to other kinds of compact
regions other than rectangles.

Theorem 15.5 (Fubini’s Theorem). For continuous functions g, h : [a,b] — R, where g < h
on la,b], let

R={(z,y):a<x<band g(x) <y < h(x)}.
If f: R — R is continuous, then

fff = /b /(h()x) f(z,y)dydz. (15.3)
(o a Jg(a

For continuous functions g, h : [c,d] — R, where g < h on [c,d], let
R={(z,y):c<y<dandgly) <z <h(y)}.
If f: R — R is continuous, then

jff = /cd /(h()y) f(z,y)dxdy. (15.4)

There are in fact a whole host of theorems in mathematics, of varying degree of generality,
that are referred to as Fubini’s Theorem. Thus, even Theorem [15.2] can be fairly called Fubini’s
Theorem.

Recall that the symbol f: dx is taken to mean fab(l)d:v Indeed if we let I = [a, b] we could

even write [, dx, where
b
/d:p:/ de=b—a=L(I),
I a

the length of 1. In a wholly analogous fashion [[, dA is short-hand for [[,(1)dA, and it relates
to the area of R, A(R).

Definition 15.6. The area of a closed, bounded region R in the xy-plane is

A(R) = H dA.
R
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It is important to bear in mind that this definition gives the area of a region R on a plane
that is coordinatized with the customary rectangular coordinate system. It may be surprising
to learn that there exist bounded regions in R? that do not have an area, which is to say that
A(R) as defined above does not equal any real number (not even 0), but we will not consider
these here. A region R C R? that has a defined area is called Jordan measurable.

Proposition 15.7. Suppose that R C R? is a bounded region such that A(R) =0. If f: R — R
s a bounded function, then

{]£=0.

R

Proposition 15.8. Suppose that Ry, Ry, Ri N Ry C R? are compact Jordan measurable sets. If
f R — R is a continuous function, then

IR Y

Ri1UR> RiNR2

Thus if A(Ry N Ry) =0, then
IR

R1UR>o

The last statement in Proposition follows from the first statement in conjunction with
Proposition [I5.7] since it is a fact that a function that is continuous on a compact set is
necessarily bounded. If R is a bounded set, then R = R U OR is compact, and since A(OR) = 0
(assuming the boundary of R is Jordan measurable), by Proposition we have

e
JJ i=lFe=]lr=11r=]]s

and so

RUOR R OR

by Definition This natural result is in fact the motivation for Definition [15.4]
Throughout this chapter and the next we will assume, without comment, that all regions are
Jordan measurable!

Example 15.9. Evaluate [[, f for f(z,y) = = 4+ y, where R C R? is the region in the first
quadrant that is bounded by the line z = 0 and the curves g(x) = x? and h(z) = 8 — 2%

Solution. First we determine where the curves given by ¢ and h by solving g(z) = h(z):

2 o 2?P=4 = x=+2.

glx) =h(r) = 2°=8-u
Since it is given that R is in Quadrant I only = 2 is relevant, and this yields the intersection
point (2,4). Thus R is as shown in Figure [69] In this region it can be seen that, for each
0 <2 <2, we have 22 < y < 8 — 2%; thus ffRf can be resolved into an iterated integral in
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FIGURE 69.

which the inner integral integrates with respect to y from 22 to 8 — 22, and the outer integral
integrates with respect to x from 0 to 2:

fff //szquydydx_/{xwr y} b
:/0 <x(8—x) ) ( 2)2)}@

2 152
:/ (324—83:—83:2—2:1:3)0[:76: —
0

3
|

Sometimes, as was already seen in Example [15.3] one order of integration is significantly
easier than another. Thus, if a given iterated integral appears intractable, it may be worthwhile
to reverse the order of integration.

4
/

by reversing the order of integration.

Example 15.10. Evaluate

\/gy‘:’-f-l

Solution. The reader is certainly welcome to attempt evaluation without reversing the order of
integration, but it will prove a frustrating enterprise. For each 0 < z < 4 we have g(z) = /z <
y < 2 = h(x), and since the curves given by g and h intersect at (4,2), the region of integration
R is as in Figure [70]

We wish to reverse the order of integration so that integration with respect to x, rather
than y, is done first. To do this observe that, for each 0 <y < 2, the value of z is bound by
the y-axis (i.e. z = 0) and the curve g where y = /x implies that x = y?; that is, for each

0 <y <2we have 0 <z < y?. Thus,
2 y?
Iy

I

] dxdy,
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Y,
h
14 g
| 2 4 z
FI1GURE 70.

2
where the integral [ x/(y° 4+ 1)dx is easy to evaluate since y° + 1 is regarded as a constant
and thus can be removed from the integrand! Winding up our propeller beanies, we calculate as

follows, making the substitution u = y® + 1 along the way:
21v°

2 py? 2 1 y? 2 1
/ / * d:z:dy:/ / xdx dy:/ [ZB—
0o Jo +1 0 y>+1 Jo o Y+1121,

y5
2 4 33 33
y 1 [1 } 1
Y gy ——du=|—1 — — In(33).

/0 25 +1) Y /1 T0q = [7g mlul] = 15 n(33)

dy
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15.3 — DOUBLE INTEGRALS IN POLAR COORDINATES

It can happen that a region R in the zy-plane, which can be denoted by ]Riy, is such that

the evaluation of HR f by means of Theorem is quite arduous or even impossible. In such
situations the best strategy is to find a more compliant region S on another plane having a
different coordinate system that nicely “transforms” into R. In general this other plane can be
referred to as the uv-plane, denoted by R? . Points in Riy have coordinates (z,y), and points
in R}, have coordinates (u,v). The “transforming” from S C R2, to R C R, is effected by a
function 7' : S — R called a mapping or transformation (we shall freely use either term).
The region R is called the “image of S under T7” and is frequently denoted by T'(S), so that
R=T(S).

Much more will be said about transformations in a general setting in §14.7, but for now we’ll
be specifically interested in the transformation 7}, that converts from polar coordinates (r, 0)
to rectangular coordinates (x,y), which is given by

Tooi(r,0) = (rcosf,rsind) (15.5)

and does nothing more than effect the usual conversions x = rcosf and y = rsinf first
introduced in section 11.2. In particular T}, takes a point (r,#) in R?, (the rf-plane) and maps
it to a point (z,y) in R2, such that (x,y) = (rcosf,rsinf).

Theorem 15.11. Let S C R?, be given by
S={(r0):a<0<pand0<g(0) <r <h()}

for continuous g,h (where f —a < 2m). If T,q is one-to-one on Int(S), R = Tya(S), and
f R — R is continuous, then

B rh(6)
ff f(z,y)dA = ff f(rcosf,rsin@)rdA —/ / f(rcosf,rsin®)rdrdd (15.6)
R s o Jg(0)
The proof of this theorem involves using Theorem [15.30| to obtain
fj f(z,y)dA = ff f(rcos@,rsinf)rdA
R S
(which is shown in section 14.7), and then applying (15.4) in Fubini’s Theorem [15.5]

Notation. The double integral
If f(rcos@,rsinf)rdA
S

could be represented more compactly by the symbol ﬂs p if we were to define a function ¢ by
o(r,0) = f(rcos@,rsinf)r.

Example 15.12. Evaluate HR f, where R is the region in the xy-plane shown on the right side
of Figure [71] and f(z,y) = 2zy.
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Solution. An examination of R makes it clear that it consists of points having a distance r
from the origin between 1 and 3, and making an angle # with respect to the positive z-axis
between 0 and 7/2. Thus, R = T,,q(S), where

S={(r0):1<r<3,0<60<7/2}

is the region in the r#-plane shown on the left side of Figure [71] Since f is continuous on R, we
can use Theorem |15.11| with g(f) = 1 and h(f) = 3 to obtain

/2 3
flx,y)dA = f(rcosf,rsinf)rdrdd
J /o

/ / 2(rcos@)(rsinf) - rdrdd
1 13
:/ 200808111(9/ r drdﬁ—/ 2 cosfsinf [—r‘l} do
0 0 41

w/2 in 26
= 40/ cosfsinf df = 40/ i do
0 0 2

— —10[cos 20]7/% = 20,

where the identity 2 cos 6 sinf = sin 26 is used along the way. |

Example 15.13. Find the area of the region R in the xy-plane bounded by the curve
r=2(1 —sinf).

Solution. The curve is a cardioid when graphed in the xy-plane, as shown on the right side of
Figure . Certainly in order to obtain a curve that fully encloses a region in Riy it is necessary
to take 6 from 0 to 27; and then, for each 6 € [0, 27|, the points that lie in R are a distance r
from the origin ranging from 0 to 2 — 2sinf. From these observations it can be determined that
the region S in the ré-plane for which T,,,(S) = R is given by

S={(r0):0<r<2-2sin6, 0<0<2r},
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FIGURE 72.

as shown on the left side of Figure . Since f(x,y) = 11is continuous on R, we can use Theorem
15.11| with g(8) = 0 and h(f) = 2 — 2sin 6 to obtain

A(R) = [[(1)dA = [[rda= /% /z_zsmerdrdG
R S 0 0

27 1 2—2sin6 2
= / {—7’2} df = 2/ (1 —2sin6 + sin® ) do
o L2 1, 0

2T _
:2/ (1—2sin0+¥>d9
0

3 1 2T
=2 [—0 + 2cosf — - sin 29} = 2(37) = 6,
2 1 .
where the identity sin®§ = (1 — cos26) is employed along the way. [ |

Example 15.14. Evaluate
4 £/ 16—y2
/ / (16 — 2% — y*)dxdy. (15.7)
—aJo

Solution. The region of integration R is shown on the right of Figure[73] It is the image under
T,o1 of the region S on the left of the figure, which is a simple rectangle. Letting w denote the

integral (15.7]), we obtain

w= jj(16 — 2% —y*)dA By Fubini’s Theorem

R

= ff (16 — 12 cos? § — r*sin? 0) rdA By Theorem [15.11
S

w/2 4

= / / (16 — r*)r drdf By Fubini’s Theorem

—m/2J0
4

w/2 1
= / [87‘2 - —r4} df
—7/2 4 0
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w/2
= / 64 df = 64.
—7/2
Note that the identity cos? 6 + sin? @ = 1 is used during the process. |

Example 15.15. Let R’ C RZ, be the region bounded by the circle r = 1, and let R” C R2, be
the region bounded by the cardioid » = 1 — cosf. Find the area of R = R' N R".

Solution. The region R is shown at left in Figure We can partition the region into three
subregions Ry, Ry and R3 as shown at right in Figure Specifically R; = T,01(5;) for i = 1,2, 3,
where T is the transformation ((15.5)) and

S1={(r0):0<0<7/2and 0 <r <1-—cosb},
So={(r,0) : /2 <60 <31/2and 0 <r <1},
Sy ={(r,0):37/2 <6 <2rand 0 <r <1-—cosb}.

We can use Proposition to write

A(R) = g dA = y dA + y dA + y dA.

Y

(0,1)

Ry

(07 _1)

FIGURE 74.
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By Theorem [15.11

y dA = _é[lfrdA - /OW/Q/OI_Coserdrde - /OW/Q %(1 — cos 0)2d0

w/2 ] /2 ,
Zl/ (1—20089+00329)d9:_/ <§_2COS9+COSQ 0>d6’
0 0

2 2 2
20 7T/2
:—{3—9—211&9 sin } 23—7T—1.
212 4 1, 8
By symmetry it should be clear that
j dA = A(Rs) = j dA =" 1.

Finally, Ry is half of a closed circular disk with radlus 1, so that

1 g T
g dA = A(Ry) = (1)’ = 3.

ERCR ENCEN =

is the area of R. |

Therefore
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15.4 — TRIPLE INTEGRALS IN RECTANGULAR COORDINATES

Definition 15.16. Given a region D C R® and a function f : D — R, the triple integral of
f over D is

l m

ffff - H]lalun_l)ozzzf z7y]72k A‘/;]ka (158)
D =

1 j=1 k=1

provided the limit exists. If the limit does exist, f is said to be integrable over D.

Other symbols used to denote the triple integral (15.8) are

fj f(z,y,2z)dV and fjff(x,y,z)d:ndydz,

which are useful when the function in the integrand has not been assigned a symbol of its own
(such as f). A full elucidation of the whys and wherefores of Definition will be included in
these notes at a later date, but for now the following result (which is another Fubini theorem)
will be used to evaluate triple integrals.

Theorem 15.17. Let
D={(z,y,2):a<z<byg(x)<y<h(x),Gxy) <z< Hxy)l,

where g, h, G, H are continuous functions. If f : D — R s continuous, then

Hff //h(z /H(w fla,y, z)dzdydz. (15.9)

The right-hand side of ([15.9) is an iterated integral which is evaluated “from the inside out”:

b [ ph=) H(w,y)
/ / / f(x,y,2)dz | dy| dx
a g(x) G(zy)
Thus, integration is first done with respect to z (treating y and x as constant), then with respect
to y (treating z as constant), and finally with respect to x. However, this is not the only order

of integration that is possible. Indeed, Theorem [15.17| presents only one of five possible orders
of integration, with the other orders being dzdxdy, dxdydz, dvdzdy, dydxdz, and dydzdzx.

Definition 15.18. The volume of a closed, bounded region D in xyz-space is

[

Example 15.19. Find the volume of the region D shown in the left of Figure [75]
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Solution. For any (z,y,2) € D we have 0 < z < 9 — 2. Thus, if we evaluate [[[, dV in the
order presented in Theorem then we will first evaluate with respect to z using G(x,y) = 0
and H(z,y) =9 — x? as the limits of integration.

To determine the limits of integration for y and x, project D onto the zy-plane to obtain
the region R shown in the right of Figure . There it can be seen that if (x,y) € R, then
0<y<2—zxfor0 <z <2 and so the limits of integration for y will be g(x) = 0 and
h(z) = 2 — x in the notation of Theorem and the limits of integration for x will be a =0
and b = 2. We obtain

V(D) = ﬂ % By Definition [[5.18
D
2 2—x 9—x2
:/ / / dzdydx By Theorem [15.17]
0o Jo 0
2 2—x
= / / (9 — 2?)dydx Integrating with respect to z
0o Jo
2
= / [Qy — xzy}iﬂc dx Integrating with respect to y
0

:/0 [9(2—:5)—1:2(2—:6)} dx

1, 2, 9, r 50
= |2t = ZaP — S22 18z = =
LLI 37 TRt T T

It can be instructive to try determining the volume of D by integrating in the orders dzdxdy
and dydzdzx. |
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Example 15.20. Rewrite the iterated integral

1 2 po/a—y?
/ / / dzdydz
0o J—2Jo

in the order dydzdz, and then evaluate the resulting integral.

Solution. First we have 0 < z < (/4 — y?, where z = /4 — y? graphs on the yz-plane as the
upper half of a circle with radius 2 centered at the origin. The entire semicircle is attained since
—2 <y < 2is given, and from 0 < z < 1 it follows that the semicircle it free to “slide” along
the z-axis from x = 0 to x = 1. In this way a region D is swept out that is the “top” half of a
circular cylinder as shown in Figure [T6 As can be seen from line segment s in the figure, a
point (x,y,z) € D must have

—V4—22<y<Vv4-—2?

for each z € [0,2]. Thus we have

1 2 /a2 1 2 pVA—2?
/// dzdydx:/// dydzdx
0o J—2Jo 0o Jo J-va—z2
1 g2
:/ / 2v4 — 22dzdx
0o Jo

With the trigonometric substitution z = 2sinf we can replace dz with 2cosfdf, z = 0 with
0 =0, and z = 2 with § = 7/2, so that

1 p2 1 pr/2
/ / 2\/4—z2dzdm:/ / 24 — 4sin%0 - 2cos 6 dfdx
o Jo o Jo

1 pr/2 1 pr/2
= / / 8 cos® 0 dfdx = / / 4(1 + cos20) dodx
o Jo o Jo
1 1

:/ [49+251n29]g/2dx:/ 2rdr =27
0 0
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Therefore

1 2 \/4—y? 1 2 pV/4—22
/ / / dzdydr = / / / dydzdxr = 2m,
o J-2Jo o Jo J-va—2

by the appropriate extension of Fubini’s Theorem. [ |
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15.5 — TRIPLE INTEGRALS IN CURVILINEAR COORDINATES

A coordinate line of a coordinate system is a line on which all but one of the coordinate
variables are held constant. Thus, in the rectangular coordinate system on the zy-plane,
there are two families of coordinate lines: the vertical lines, which is the family of equations
{r = a:a € R}, and the horizontal lines, which is the family of equations {y =b:b € R}. A
coordinate system is curvilinear if at least one of its families of coordinate lines is comprised
of lines having curved images under the canonical transformation 7" that maps to rectangular
coordinates. The polar coordinate system is an example in R?, where the coordinate line r = a
in R?) has an image in R2, that is a circle centered at the origin with radius a under the usual
coordinate transformation

Tooi(r,0) = (rcosf,rsind),

as shown in Figure . In R? we’ll be considering exclusively the cylindrical and spherical
coordinate systems.

Definition 15.21. Let (z,y,2) € R3

TYz*

If an ordered triple (r,0, z) is such that
(x,y,2) = (rcosf,rsinb, z),

then (1,0, z) are cylindrical coordinates for the point (x,y,z). The cylindrical coordinate
system, denoted by R3, . is the system in which all points in R® are given in cylindrical
coordinates. The mapping Tey : RYy, — RS, given by

€T

Teyi(r,0, 2) = (rcosf,rsinb, z)

is the conversion transformation to rectangular coordinates.

Theorem 15.22. Let £ C R3, be given by

rfz
E={(r0,2):a<60<p,0<g0) <r<h(d), G(r,0) <z<H(r,0)}

for continuous g, h, G, H (where f —a < 2m). If Teyy is one-to-one on Int(E), D = Tey(E), and
f D — R is continuous, then

B rh(0) H(r0)
fjf flx,y,2)dV :/ / / f(rcosf,rsind, z)rdzdrdf.
D a Jg0) JG(r0)
0, X
A Tpol
—

)

FIGURE 77.
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p=(r0,z) p=(r0,z)

QV

x x
FiGURE 78. Cylindrical coordinates. Usually » > 0, but it is not required.

The proof of this theorem involves using Theorem [15.32] in §15.6 to obtain

ffj f(z,y,2)dV = jff f(rcosf,rsind, z)rdV,

and then applying the appropriate version of Theorem [I5.17]

Example 15.23. Find the volume of the region D bounded by the plane z = 25 and the
paraboloid z = 22 + 12.

Solution. The region D is shown at left in Figure It will be convenient to work in cylindrical
coordinates, where x = rcosf and y = rsin 6 so that the equation of the paraboloid becomes

z=2*+y* = (rcosf)?® + (rsinf)? = r?
and the equation of the plane remains z = 25.
The intersection of the surfaces z = 25 and z = 2 + 32 is the set of points

{(z,y,25) : 2” +y* = 25},

which is a curve that projects onto the zy-plane as a circle of radius 5 centered at the origin.
Thus, the projection of D onto the xy-plane is a region R that is a closed disc with radius 5
centered at the origin, shown at right in Figure [79

Now, a point in R may have a f#-coordinate value ranging anywhere from 6 = 0 to 6 = 2m;
that is, if (r,0) € R, then 0 < 0 < 27.

If we fix 6 € [0, 2], then a point (r,6) € R must liec on the line segment joining o = (0, 0)
and a = (5,0), shown at right in Figure [79] That is, given 6 € [0,2x], a point (r,60) € R can
have r-coordinate value ranging anywhere from r = 0 to » = 5, which is to say 0 <r < 5.

Finally, fixing 6 € [0,27] and r € [0, 5], we consider the limits on z in order for (r,0, z) to
be a point that lies in D. We find that generally z must be such that (7,0, z) is above the
paraboloid z = 72 and below the plane z = 25, which is to say r? < z < 25.

Thus we find that the region E C R?,_ for which T.,(F) = D is

E={(r0,2):0<60<2mr, 0<r<5 r*<z<25}
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and so by Definition [15.18 and Theorem [15.22

2w 5 25
vD) = [[[av = [[[ rav = /0 /0 / rdzdrdo
D E
2 5 2 5
= / / (251 — %) drdf = / [§r2 - 17"4] db
0 0 0 2 4 0

27
625 625 625
= Ao = =2 9 = =
/0 4 d0 4 2 m

is the volume of the region D. |

Definition 15.24. Let (v,y,2) € R

TYz*

If an ordered triple (p,p,0) is such that
(x,y,2) = (psingcosb, psin psin b, pcos p),

then (p, ¢, 0) are spherical coordinates for the point (x,y,z). The spherical coordinate
system, denoted by R®_,, is the system in which all points in R? are given in spherical coordinates.

ppt’
The mapping Ty : RS 5 — RS, . given by

ppb

Tipn(p, @, 0) = (psinpcos b, psin psinb, p cos @) (15.10)

15 the conversion transformation to rectangular coordinates.

Let p = (z,y, z) have spherical coordinates (p, ¢, 0). Let py = (x,y,0) be the projection of p
onto the xy-plane. In geometrical terms (as will be shown later), p is the distance p is from
0o =(0,0,0), so that p* = 22 + y* + 2?; ¢ is the angle the ray op makes with the positive z-axis;
and 6 is the angle the ray op; makes with the positive z-axis. See Figure [30]

The next example illustrates how a set of points in ]Riyz may be more conveniently described
in terms of the spherical coordinates p, ¢, and 6.

Example 15.25. Describe the set of points in R3,_ that satisfy p = 4 cos .

TYz
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p=(p,p,0) p=(p,p,0)

@‘
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F1cURE 80. Spherical coordinates. Physicists reverse the roles of # and ¢, which
conflicts with conventional polar coordinate notation!

Solution. Multiply both sides of p = 4 cos by p to obtain p? = 4pcos . This gives
224yt + 2% =4z

Thus
oy (2P -4z 4) =4,

from which we finally obtain
2+ (2 —2)? =4

The set of points in ]nyz that satisfy this equation clearly form a sphere centered at (0,0, 2)
with radius 2. [ ]

Theorem 15.26. Let E C R, be given by
E={(p,0,0): <0 <5, 0<g(0) <p<hl), Gle,0) < p < H(p,0)}

for contmuous g,h,G, H (where  —a < 2m and h(0) — g(0) < 7). If Tipyn is one-to-one on
Int(E), D =Tyun(E), and f: D — R is continuous, then

h(6)
J:IIf x,y,z)dV = / / / f(psinpcosf, psin psin, pcos ) p? sin @ dpdpde.
G(p,0)
This theorem’s proof is also a straightforward application of Theorem [15.32| to get
fff flz,y,2)dV = fff f(psinpcosf, psin psiné, pcos )p? sin ¢ dV,
D E

and then invoking a version of Theorem [15.17]

J;ﬂ 2dV,

where D is the region in the first octant that lies between the spheres 22 + y? + 22 = 1 and
2+’ + 22 =4

Example 15.27. Evaluate
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Solution. The region D is shown in Figure[81} In spherical coordinates the sphere 244?422 = 1,
which has center at the origin and radius 1, is given by p = 1; and the sphere 2% + 3% + 22 = 4,
which has center at the origin and radius 2, is given by p = 2.

Since D lies in the first octant, it should be clear that any point in D must have #-coordinate
ranging anywhere from 6 = 0 to § = 7/2; that is, if (p,p,0) € D, then 0 < 0 < 7/2.

Let 6 € [0, /2] be fixed. Then if p = (p, ¢, 0) € D, the p-coordinate of p can range anywhere
from ¢ = 0 (which places p on the intersection of D with the z-axis) to ¢ = 7/2 (placing p on
the intersection of D and the xy-plane). That is, for fixed 0 < 0 < 7/2, we have 0 < ¢ < 7/2.

Let 0, ¢ € [0, 7/2] both be fixed. Then if p = (p, p,0) € D, the p-coordinate of p can range
anywhere from p = 1 (placing p on the smaller sphere bounding D) to p = 2 (placing p on the
larger sphere bounding D). That is, for fixed 0 < 0, < 7/2, we have 1 < p < 2.

Thus we find that the region £ C R? , for which Ty, (F) = D is
E={(p¢,0):0<0<7/2, 0<p<7/2, 1<p< 2},

and so by Theorem [15.26

IHZW - HIPCOW - p*sin dV
D w/2 /2 w2 pm/2
/ / / cos @ sin p dpdpdt = / / — cos psin ¢ dpdb

:/ﬂ/2§d9:_5.f 167
; 82

is the value of the integral. [ |

Example 15.28. Find the volume of the region D that lies outside the cone ¢ = 7/4 and
inside the sphere p = 4 cos ¢.

Solution. In Riyz a point that satisfies ¢ = m/4 is a point that lies on a ray with initial point
at (0,0,0) which makes an angle of 7/4 with the positive z-axis, and so the set of all such points
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FIGURE 2.

form a cone as shown at left in Figure As for p = 4 cos g, it was already found in Example
that this is a sphere centered at (0,0,2) with radius 2, also shown at left in Figure
The region £ C Riw that the transformation Ty, given by maps onto D needs to be
determined, and this can be done by examining the geometry of the region D C Riyz

Clearly a point in D can have a 6 coordinate ranging anywhere from 0 to 27, and any
cross-section of D at a given value of 6 € [0, 2] will look the same. Thus, we can examine the
cross-section of D that lies in, say, the yz-plane (where = 7/2), as shown at right in Figure
. A point p in this cross-section can have a ¢ coordinate ranging from 7/4 to 7/2, and at a

given value of ¢ € [r/4,7/2] the p coordinate of the point can be any value from 0 to 4 cos ¢ as
indicated by the segment [0, a] at right in Figure . By Definition [15.18 and Theorem |15.26

= fff dV = fjf pPsinpdV = /27T /72 /4C05(pp2 sin p dpdpdf
0 4

2w 7r/2 4cosgo 2w
/ / ,0 sin go dpdf = — / cos® psin o dodh
2

0

T /2 64 1 w/2
—— CoS go) dpdf = / [—— cos? gp] do
//4 dSO ( 3 Jo 4 /4

16( ) / 4 8
— g =~ .o ="
3 \v2/ J, 39T = 3

is the volume of the region D. [ |
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15.6 — MULTIPLE INTEGRAL CHANGE OF VARIABLES

Where we used to write x = g(u,v) and y = h(u,v), we shall now write z = z(u,v) and
y = y(u,v). Thus, z is a function that receives a point (u,v) € R?  and returns a real number
z, and y is a function that receives a point (u,v) € R?  and returns a real number y. In this
way a point (z,y) € Riy is obtained. This is how the transformation 7" in the definition that
follows operates.

Definition 15.29. Let S C R2 be a region. If T : S — ng s a transformation given by
T(u,v) = (z(u,v),y(u,v)), where x,y : R — R are differentiable functions on S, then the
Jacobian of T is the function Jr : S — R given by

Tu(u,v)  xy(u,v)

JT(u’U) - yu(u,v) yv(u>v)

= Ty (U, V) Yy (1, v) — x4 (u, V)Y, (u, v).

Thus Jr = 2,4, — ToYu. Another symbol used for Jr is

d(z,y)
O(u,v)’

but this will not be used here.

Theorem 15.30 (Double Integral Change of Variables). Let S C R?  be a closed, bounded
region, T : S — R2, a mapping given by T(u,v) = (z(u,v),y(u,v)), and R = T(S). If T
is one-to-one on Int(S), x and y have continuous first partials on Int(S), and f : R — R is
continuous, then

([ £ yyda= [[(f o T)(w,v)]Jr(u,v)] dA.
R s

Moving up a dimension, we make the following definition.

Definition 15.31. Let E C R3

uvw

be a region. If T : E — R3 _is a mapping given by

TYZ
T(u,v,w) = (x(u,v,w),y(u,v,w), z(u, v,w)),

where x,y,z : R —— R are differentiable functions on E, then the Jacobian of T is the

uvw

function Jp : S — R given by
Ty Ty Ty

Jr=1Yu Yo Yu
Zu % Zw

It’s understood that the arguments of all the functions featured in the equation for Jr in
this definition are (u,v,w). Another symbol used instead of Jr is

o(z,y,2)
O(u,v,w)’

which has some descriptive advantages but shall nonetheless be shunned here.
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Theorem 15.32 (Triple Integral Change of Variables). Let E C R3  be a closed, bounded
region, T : 2 — Rf’cyz a mapping given by

T(u,v,w) = (x(u,v,w),y(u,v,w), z(u,v,w)),
and D = T(E). If T is one-to-one on Int(E), z, y, and z are of class C' on Int(F), and
f D — R is continuous, then

fff flz,y,2)dV = fff(fOT)(Uaan)}JT(U,U,w)}dV.
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VECTOR CALCULUS

16.1 — VECTOR FIELDS

A region R C R? is called vertically simple if there exist continuous functions f; and fo
such that

R={(v,y):a<z <band fi(z) <y < fo(z)}.

Similarly, R is horizontally simple if there exist continuous functions ¢g; and g, such that
R={(z,y):c<y<dand gi(y) <z < ga(y)}.

Later in this chapter there will be frequent consideration of a region R in R? that is enclosed
by a planar curve C', in which case it is taken as understood that C'is also part of R; that is,
C C R, and so R is a closed set.

Before defining a vector field, we summarize some terminology first introduced in Chapter 13.
Recall that a function of several independent variables is said to be continuously differentiable
on an open set U if it has continuous first partial derivatives on U (i.e. the first partials exist
and are continuous at every point in U). A real-valued function f: D C R™ — R is said to be
differentiable (resp. continuously differentiable) on an arbitrary set S C D if there exists an
open set U such that S C U C D and f is differentiable (resp. continuously differentiable) on
U. For f to be continuous on 5, of course, simply means f is continuous at each point in S
regardless of whether S happens to be an open set or not.

Definition 16.1. Let R be a region in R?, and suppose f,g: R — R. A vector field in R is a
function F : R — R? given by

F(z,y) = (f(z,y),9(x,v)),

and we say F is continuous, differentiable, or continuously differentiable on R if both f and g
are continuous, differentiable, or continuously differentiable on R, respectively.

More generally, if fi,...,fn: R CR" = R, where n > 2, then a vector field in R is a
function F : R — R™ given by

F(x) = (i(X), .. Jul)). (16.1)
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F is said to be continuous, differentiable, or continuously differentiable on R if fi,..., f, are
all continuous, differentiable, or continuously differentiable on R, respectively.

The function F given by ([16.1]) can also be denoted by (f1,..., fn), so that F = (f1,..., fa)-
The natural way to think of F is as a function that assigns a vector

<f1(X)7 < 7fn(X)>>

to each point x = (xq,...,z,) € R.

Suppose C' is a smooth curve in R" and x € C. We say a vector field F is orthogonal to C
at x if the vector F(x) (i.e. the vector that F assigns to x) is orthogonal to the tangent line to
C' at x; that is F(x) is a normal vector for C' at x. Similarly, F is parallel to C' at x if F(x) is
parallel to the tangent line to C' at x; that is F(x) is a tangent vector for C' at x.

Example 16.2. Determine whether the vector field

Fe - (45)

is orthogonal to or parallel to the points on the curve C' = {(z,y) : % + y* = 19.36}.
Solution. One approach to take is to parameterize C', which is a circle centered at (0,0) with
radius 22/5, by
22
r(t) = E(cost,sinw, 0<t<2m.

Then an arbitrary point (z,y) on C' corresponding to parameter value ¢ is given by

(a(t). y(t) = (225t 225

5 5
for some ¢ € [0, 2], which is to say z(t) = 4.4cost and y(t) = 4.4sint. Thus
1 11 .
F(z(t),y(1)) = 7 (=y(t), 2(t)) = 7 (—sint, cost),
Y
/7 S L7 - =~ N~ N N NN
/ /S s s - ~ ~ N N NN\
/7 7 s - ~ N N N NN
VAV NN
/777 - SN N N VD
A VAV SV VL
I / Vy Ll
LI T \ A
RSN NENEN A
VOV VN ~ s 7 7 7 1
NN NN ~ - 7 7 7/
NN N N ~ - s 7 7
NN NN ~ - s 7 7/
NN NN -~ - s s/
4

FIGURE 83. At left, the vector field F(x,y) = (—y/4,x/4) along with the curve
C. At right, the direction field for F.
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FIGURE 84. The vector field F(z,y,2) = 3(z,y, ).

while a tangent vector to C' at (x(t),y(t)) is given by
22
v'(t) = (2'(t),y'(t)) = €<— sint, cost).

It’s now seen that

F(a(1),y(t)) = 3'();

that is, F(z(t),y(t)) is a nonzero scalar multiple of r'(¢), which shows that F(z(¢ ),y(t))
parallel to r/(t). Therefore F(xz(t),y(t)) is parallel to the tangent line to C at (x(t),y(t)), an
since (z(t),y(t)) € C is arbitrary we can conclude that F is parallel to all points on C. See
Figure |

In Figure |83 we see an example of a vector field in R?. A vector field in R? can be harder to
visualize, but the stereoscopic image in Figure [84] gives depth to the vector field
1
—(z,y, 2).

F(z,y,2) = 5

We have actually encountered vector fields already. Given a differentiable scalar-valued
function ¢ : R C R? — R, say, there is the gradient of ¢,

Vo(z,y) = (¢(z,y), Soy(ma Y),
written as Vi = (@4, @,)-

Definition 16.3. Let ¢ be a differentiable function on an open region R C R™. The vector field
F =V is a gradient field, and ¢ is a potential function for F.

Returning to the plane, let ¢ be a function with continuous first partials on an open region
R C R?, and let F be a vector field on R for which ¢ is a potential function. Suppose C is the
level curve p(z,y) = ¢ of ¢, where ¢ is some constant and C' C R. (The level curves of ¢ are
called equipotential curves.) If (z,y) € C and F(x,y) = Vy(z,y) # 0, then by Proposition
13.46 the vector F(z,y) is orthogonal to C' at (z, y)iﬂ

10f course, if F(x,y) = 0 then it is trivially orthogonal to all vectors and curves.
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16.2 — LINE INTEGRALS

Let R be a region in R?, let f be a real-valued function f(z,y) = 2z with domain R, and let
C be a smooth curve in R parameterized in terms of arc length s by

r(s) = (z(s),y(s),0), s € a,b].

To give the developments that follow a geometrical motivation, assume that f(x,y) > 0 for all
(x,y) € R, so that f generates a surface S given by

S =A{(z,y, f(z,y)) : (z,y) € R}

in R? that lies above R in the zy-plane, and in particular f traces out a curve C} given by

p(s) = <x(s),y(s), f(x(s),y(s))>, s € [a,b],

that lies in S directly above C. What would be the “area” of the surface ¥ in R3 that lies
“between” the curves C below and Cf above? To be more precise, for each a < s < b let
[r(s), p(s)] be the line segment in R* with endpoints r(s) € C' and p(s) € C;. Then the surface
3} is the union of all the points on all of these line segments:

= (s)p(s)]
s€la,b]

We return to the question: what is the area A(X) of ¥7 More to the point, what would
be a natural definition for the area of X7 We start by subdividing C' into n smaller curves by
forming a partition P of [a, b]:

a=81<81 <8< <81 <8, =0>
For each £k =1,2,...,n, let
Cro = {(2(s), y(5)) : s € [sk—1, 5]},

so (Y} is the piece of C' we get when we restrict ourselves to s;_1 < s < sg, and since our
parameter is arc length we know that the length of Cj is Asy = s — si_1. Now, for each k,
choose a point (any point) s; from the kth subinterval [s;_1, s], which corresponds to a point
(x(st),y(sy)) on Ck. Our subdivision of C' now gives rise to a subdivision of ¥ into n “panels,”
with the kth panel being the piece of ¥ that lies above C). The height of the kth panel can be
taken to be approximately f(z(s;),y(sy)), which then enables us to approximate the area of
the kth panel as

(height)(length) = f(2(s), y(si))As.

Then, the total area of S can be approximated by a Riemann sum:
A®) = S Flalst), y(si) Asi
k=1

Now, let
| P|| = max{Asy : 1 < k < n},
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and note that if || P|| converges to 0 then of necessity n must converge to co. We define the area
of ¥ as follows:

AE) = tim S Fla(sh), y(si) Ass.

The limit, if it exists, is called the line integral of f over C, and we write

n

/ F((s),y()ds = Tim S fla(sy), y(s) As.

I1P[|—=0 <=
k=1

Many references are quick to point out that a line integral is more accurately referred to as a
curve integral. The general definition in R” is as follows.

Definition 16.4. Let C' C R" be a piecewise smooth curve parameterized in terms of arc length
s by

r(s) = (z1(s), ..., za(s)), s € [a,b], (16.2)
and let f : C'— R. The line integral of f over C is

= lim 7)) Asy,
/f HP\HOZJC £)) s

provided the limit exists. If the limit exists then f is said to be integrable on C.

As with the definite integral defined in Chapter 5 the interval [a, b] can be replaced by an
infinite interval such as [a, 00) or (—oo, b], but we shan’t go into that here. Alternate symbols
for the line integral of f over C are, in order of increasing long-windedness,

/Cfds, /Cf(r(s))ds, and /Cf(ml(s),...,xn(s))ds.

It’s a fact, not to be shown here, that if a piecewise smooth curve C' has finite length, and
f:C — R is continuous, then f will be integrable on C. Also, notice that if f(r(s)) =1 for all
s € [a,b] then

/Cf: lim Y " As, = lim £(C) = L(C),

[1P[|—0

where £(C) is our symbol for the length of C.
While Definition is nice conceptually, it offers no easy means of evaluating line integrals.
But do not despair! A quick manipulation yields

n

. b
1= Jim S onan = [(ron)is

k=1
by Theorem for after all, f or is nothing more than a real-valued function defined on an

interval [a, b]. In short,
b
/Cf:/a f(r(s))ds. (16.3)

This equation may seem to be wholly natural, but the catch is that it is only valid if C' is
parameterized in terms of arc length. What if it is not?
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Suppose C' is a smooth curve that has a parametrization in terms of arc length given by
, and moreover arc length s itself is given as a function of some other arbitrary parameter
t such that s = s(t) for a« <t < . Then p(t) = r(s(t)), t € [a, (], is a parametrization of C
in terms of t. We assume that s(t) increases monotonically as ¢ increases from « to 3, so that
s(a) = a, s(B) = b, and §'(t) > 0 for all « <t < §. (We define §'(«) and s'(3) by one-sided
limits as is done in the definition of a smooth curve in §12.6.) Now, recalling that ||r'(s)|| =1
for all s (see §12.8), we obtain

p'(t) =r'(s()s'(t) = 'Ol = ' (sl = 'O =[s'#)],

and thus s'(t) = ||p'(t)|]. We now employ an argument that amounts to little more than an
application of the Substitution Rule for Definite Integrals as given in §5.5:

s(8)
/ f(r(s))ds = / " (for)(s)ds Since s(a) = a and s(8) = b
= /B(f or)(s(t))s'(t)dt Substitution Rule with s = s(t)
B
_ / Fe(s(t)s () dt By definition of for

/f NP (@)l dt p(t) =r(s(t)) and 5'(t) = [[p'(1)]]

It might be helpful to follow the steps in the reverse direction. Combining the result above with

(116.3]), we obtain
1= /f Nl 0)] e

The same result is obtained even if we assume that s(¢) is monotonically decreasing, so that
s(a) =b, s(B) = a, and §'(t) <0 for all @« <t < f (and it is a worthwhile exercise to verify this).
We have now obtained a formula that enables us to evaluate a line integral as a conventional
definite integral no matter how C' is parameterized, at least as long as the parametrization is
smooth.

Suppose C'is a piecewise smooth curve with parametrization (/16.2)). Then we may find a
partition of [a, b],

a=5<8 <+ +<S8,_1<8,=b,

such that, for each 1 <1 < mn, the curve C; given by r;(s) = r(s) for s € [s;_1, s;] is smooth. We
may then apply Theorem to obtain

- /f ds—z/ Fei(s

Now, for each i let p,(t) = r;(s(t)), t € [t;i—1,t;], be some other parametrization of C;, where

Oé:to<t1<"’<tn_1<tn:6.
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By the same arguments as above we find that

[r=[ rmenas= [ " Fo)lel(0) ) de

for each ¢, and thus by Theorem

J.1- Z/ Fei(s czs—zf FloO)lpl0) dt = /f o) dt

once again. We have now proved the following theorem, applicable in R™ for n > 2.

Theorem 16.5. If C is a piecewise smooth curve given by
r(t) = (z1(t), ..., an(t)), t€lab], (16.4)

and f : C — R is continuous, then

- /f NI ()] de.

An immediate consequence of the proof of this theorem is the following, which makes clear
that the value of a line integral over a smooth curve is independent of the smooth vector function
chosen to parameterize the curve.

Corollary 16.6. If p,(t), t € [a1, 51], and py(t), t € [ag, (2], are parametrizations of a smooth

curve C', then
B1 B2

Fou@)llei@)lldt = | f(po () [l a(1)]|dt

aq a2
Proof. Let r(s) s € [a,b], be a parametrization of C' in terms of arc length. Then

B2
f(Pl( Dllpy(t)||dt = /f Nds = [ f(pa(t)llpa(t)lldt,

(o %1 g

which finishes the proof. |

If C is an oriented curve from x; to y;, and C is an oriented curve from X5 to ys, then the
concatenation of C; and (5, written Cy 4+ (5, may be regarded as the oriented curve C' that
starts at x;, follows C] to yi, and then jumps to x, and follows C5 to y,. Oftentimes y; = x5
(i.e. C} ends where Cy begins), but it is not necessary.

Let Cy and Cy be curves parameterized by ry(t), t € [a,b], and ro(t), t € [b, c|, respectively.
Suppose r1(b) = ra(b). Then Cy + Csy is a curve that may be parameterized by

r(t) = ri(t), a<t<b
ro(t), b<t<c

Moreover, if C; and (5 are each smooth curves, then C' = C 4 C} is piecewise smooth, and by
Theorem [16.5] along with Theorem we have

/f /f i (6)dt = /fr1 I, (¢ ydt+/fr2 JIe, () dt = /le+ N
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That is,

/ [ B (16.5)
C1+Co C1 Ca

As another example we may have C) parameterized by ri(t), t € [a,b], and Cy by ra(t),
t € [a,b], with r1(b) # ra(a); that is, C} does not end at the same point where Cy begins. We
could still, if desired, parameterize C'; + Cy with a single piecewise defined function as follows

I’(t) _ I'l(t), a§t<b
ro(t—b+a), b<t<2b—a

For instance, if C} is given by ry(t) = (cost,sint), t € [0,27], and Cy by ra(t) = (3cost,3sint),
t € [0, 27], then the concatenation C; + Cy may be parameterized by
r(t) = (cost,sint), 0<t<2rm
(3cost,3sint), 2 <t <d4drm

In general, given curves 1, ..., Cy in R", it is not desirable to determine a single (piecewise
defined) function r that parameterizes the concatenation C' = C} +- - -+ C}, regardless of whether
C' is continuous or not. Indeed, if C; N C; = & whenever i # j, so that the curves C4,...,Cj
are mutually disjoint, there is little to be gained by insisting that travel along C; + - - - + C}
be taken in any particular order such as C,Cy,...,Cy or Cy,Cy_1,...,Cy. Each of the curves

C1,...,Cy can be parameterized by functions ry,...,r; having distinct or identical domains,
depending on whatever is most convenient. The only question is, how should a line integral over
Ci+ -+ C, be defined?

The equation ([16.5) obtained above in the case of a piecewise smooth curve Cy + Cy
that has smooth “pieces” € and Cy that are linked end-to-end (which is to say C} + Cs is a
continuous curve) motivates the following definition concerning the line integral over an arbitrary
concatenation of piecewise smooth curves.

Definition 16.7. Given any finite collection of piecewise smooth curves Cy,Csy, ..., Cy in R,

we define
/ [ N T (16.6)
C1+Ca+-+C} C1 Co C

Example 16.8. Let p = (—1,0), q = (0,1) and r = (1,0). Evaluate [, f, where
Flay) = 20— 3y
and C' = [p, q] + [q, r].
Solution. By we have [, f = f[p,q] f+ f[qm] f. Parameterize [p, q] by
rit)=1—-t)p+tq=(—1,0)+¢{1,1) = ({t —1,t), te€]|0,1],
and parameterize [q,r] by

ro(t) = (1 —t)g+tr=0,1) +¢(1,-1) = (¢t,1 —¢), te]0,1].
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Now we obtain

[oi=f sef =] IRl [ el
= \/E/Olf(t— 1,t)dt—|—\/§/01f(t,1—t)dt

:\/5/1[2@—1)—3t}dt+\/§/1[2t—3(1—t)]dt
= —\/5/1(t+2)dt+\/§/1(5t—3)dt

1 1 1
=2 {—ﬁ + 24 +2 [§t2 — St} = —3V2,
2 0 2 0
by Theorem [16.5] [ ]

In what follows recall that for any given vector function r the unit tangent vector function
T is given by T =r//||¢/||.

Definition 16.9. Let F be a continuous vector field on a region R C R", and let C' be a smooth
oriented curve in R having parametrization with respect to arc length r(s), s € [a,b], consistent
with the orientation. The line integral of F over C is

/ F-T= / F(r(s)) - T(s)ds. (16.7)
c c
If R C R3, then fc F - T is the circulation of F on C.

Another notation for the line integral of F over C' as defined by (16.7) is [ o F - dr, and yet
another notation will be introduced at the end of §16.3. Recalling from Proposition [13.23| that
lr'(s)|| = 1 whenever s is arc length, we have

)
T = ey~

and so

/CF-T:/CF~dr:/abF(r(s))-r’(s)ds. (16.8)

The question now arises: how is | o F - T to be evaluated if C' is not parameterized in terms
of arc length, but rather in terms of an arbitrary parameter t? To find out, let p(t), t € [a, ],
be any smooth parametrization of C'. Then there exists some function s such that p(t) = r(s(t))
for « <t < 3, and as on page we find that s'(t) = ||p/(t)|| if s is assumed to be a monotone
increasing function, so that a = s(a) and b = s(f). Then, since p'(t) = r'(s(t))s'(t), we obtain

) P P
YO =50 = Teen (16.9)

We now argue as in the proof of Theorem m, picking up where ((16.8) left off:

b s(B)
/ F(r(s))-r'(s)ds = / (For)(s)-r'(s)ds Since a = s(a), b = s(5)

(a)
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))(s)ds

[
/ﬁ
[x

(a)

B

F or)
(For)-r))(s(t))s'(t)dt Substitution: s = s(¢)

F(p (s)lle'@lldt— p(t) =r(s(t)), s'(t) = [l D]

- / F(p(t)) - o/ (t) dt By equation (T6.0)

We have now proved the following.

Proposition 16.10. Let F be continuous vector field on a region in R™ containing a smooth
curve C' parameterized by r(t), t € [a,b]. Then

/CF-T—/bF(r(t))-r’(t)dt (16.10)

If F is a force field (say a magnetic or gravitational field), then the work W done in moving
an object along C' over time ¢ in accordance with the position function r is given by (|16.10)).

Example 16.11. Find the work required to move an object from point (2,0,0) to (2,0, 1) along
the helical curve C' given by

r(t) = (2cost,2sint,t/2n), 0<t <2,

in the force field F(z,y, 2) = (—y, x, 2).
Solution. Putting Proposition [16.10| to work, we have

W:/CF-T:/O%F(r(t))- Y (t)dt

27
:/ F<2008t 2sint, —) <
0
27 1
:/ < 2sint,2cost, —> < 2sint, 2 cost, 2—> dt
0

27 27
t t
:/ <4sin2t—|—4coszt+—2 dt:/ <4+—)dt
0 47T 0 47T2

2 127 1
PO
[ T, T

If force is measured in newtons N and distance in meters m, then the work is approximately

25.63 J. |

) 1
2sint, 2 cost, —> dt
27

The following proposition informs us that the value of [, o F - dr does not change if we change
our choice of parametrization for C', at least so long as we do not change the orientation of C'.
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Proposition 16.12. Let F be a continuous vector field on a region in R™ containing a smooth
curve C' parameterized by p,(t), t € [ay, B1]. If py(t), t € [aq, Ba] is another parametrization for
C' consistent with the orientation induced by p,, then

/F-dplz/F-dpQ.
c c

Thus, the value of the line integral of ¥ over C 1is invariant under orientation-preserving
reparametrization.

Proof. Let p,(t), t € [a1, £1], and py(t), t € [ag, fs], be two parametrizations for C' that induce
the same orientation, and let r(s), s € [a, b], be a parametrization for C' with respect to arc
length that is consistent with this orientation. By Proposition [16.10

B1 b
[ F o= [ Fpuo)- o= [ i) v

1

B2
~ [ Flou0)- it = [ 7 dp,

2

where in particular the steps that justify the second and third equalities can be found in the
proof of Proposition [16.10 |

Given an oriented curve C, let —C denote the same curve, but with opposite orientation.
Thus, if C' has parametrization r(t), t € [a, b], then a suitable parametrization for —C would be,
say, p(1) =r(a+b—7),a <7 <b. (It can be seen that r(t) starts at r(a) and stops at r(b),
while p(7) starts at r(b) and stops at r(a).) Given curves C; and Cy we naturally define

C1 = Cy = C + (—Cy),
so that by Definition [16.7]

/ f = =+ 7
C1—Co Ci1+(—C2) Cy —Cs

Proposition 16.13. Let C' be an oriented curve. If r(t), t € |a,b], is a parametrization for C
consistent with its orientation, and p(7), T € [, B] is a parametrization for —C' consistent with

its orientation, then
/ F-dp:—/F-dr.
-Cc c

Proof. Let r(t), t € [a,b], be a parametrization for C' consistent with its orientation. Define a
parametrization for —C' by

r(t)=r(a+b—71), TE€]Ja,bl,

and note that this parametrization is consistent with the orientation of —C'. By [16.10

/_CF~df':/abF(f'(7'))~f°/(T)d7':—/abF(r(a—l—b—T))-r’(a+b_7.)d7.7
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where ¥'(7) = —r'(a + b — 7) by the Chain Rule. Making the substitution ¢t = a + b — 7, so that
dr is replaced by (—1)dt, we obtain

/_CF.df = —/baF(r(t))-r’(t)(—l)dt = /baF(I'(t))~r’(t)dt
= —/abF(r(t))~r’(t)dt= —/CF-dr.

Now, if p(7), T € [a, (], is an arbitrary parametrization for —C' consistent with its orientation,

then by Proposition [16.12
/ F-dp= / F - dr,
-C -C

/ F~dp:—/F~dr
-C c

obtains, as was to be shown. [ |

and therefore

Given any curve C' in R? parameterized by r(t) = (z(t),y(t)), t € [a,b], the outward unit
normal vector, n, is defined by n = T x k. Thus, for any a <t < b,

a(t) = T x k) — F s 0.0,1) = WOV.0) X 0,0.1) /() —'(1),0)

@)l [ @) e @)

and so as a vector in R? we have

{y'(1), =2'(1))
@l

Definition 16.14. Let F be a continuous vector field on a region R C R?, and let C be a
smooth curve in R parameterized by r(s) = (x(s),y(s)) for s € [a,b], where s is arc length. If
n =T x k, then the flux of F across C is

/CF-n:/CF(r(s))-n(s)ds.

As with | o F - T, we would like to develop a formula that allows for easy computation of
Jo F - n regardless of how C' is parameterized. Let

r(s) = (z(s),y(s)), s€la,b],

n(t) = (16.11)

and
p(t) = (z(t),5(t)), telaf],
be parametrizations with respect to arc length s and an arbitrary parametrization ¢, respectively.
Observing that [|r'(s)|| =1 for all @ < s < b, define
<y/<8)7 —ZE/(S)> / / — <g/(t)v _j/(t)>
n(s) = ————— = (J(s), =2'(s)) and n(t) = ————r—.
[ ()] irdell

As before, there is a function s(¢) that maps from the parameter ¢ to the parameter s such that
p(t) =r(s(t)) for all &« <t < 5. From this we obtain

p(t) = (ros)(t) =r'(s(t))s' (),
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or

(@), 5/ (1) = (2 (s(t)s' (1), 4/ (s())s' (1)),

('), =2'(t)) = (¥ (s(1))s' (), —2'(s(£))s' (1)) (16.12)
for a <t < . Recall that ||p/(t)|| = s'(t). Then, if the left side of ((16.12)) is divided by ||p'(¢)]|
and the right side is divided by s'(t), we get

— _ <gl(t)7_j/<t)> — ((s —2(s — n(s
n(t) = ERTIGT (/' (s(t), =2'(s(1))) = n(s(t)) (16.13)
n(s(t))|p' @) = F'(t), =2'(t)). (16.14)

We shall need this enthralling factoid as we once more perform a series of manipulations that
makes use of the Substitution Rule. Letting F = (f, ¢g) and recalling equation (|16.3)), we have

/CF-n:/abF(r(s))-n(s)ds:/:(5) (For)-n))(s)ds

@)

and thus

and therefore

B B

= [ (®or) m)s)s )it = [ Fa(s) n(so)]e O]t
B B

= [ R 0.~ 0) i = [ (o) op0) - (5 0), 0}
B

— [ [rotn5'@) - atp(o)a’e)]at

What has been proved is the following.

Proposition 16.15. Let F = (f, g) be continuous vector field on a region in R* containing a
smooth curve C' parameterized by r(t) = (x(t),y(t)), t € [a,b]. Then

[Fon= [ oW - s o]
C a

Example 16.16. Compute the flux for the vector field F(z,y) = (y — x, z) across C given by
r(t) = (2cost,2sint), 0 <t < 2.

Solution. Here we have x(t) = 2cost and y(t) = 2sint, so 2/(t) = —2sint and y/(t) = 2 cost,
and by Proposition [16.15] we obtain

[Fn= [ a0 - gt 0]
c 0
= / ' [f(2cost,2sint)(2cost) — g(2cost, 2sint)(—2sint)]|dt

- /27T [(2sint — 2cost)(2cost) — (2cost)(—2sint)]dt

27 27
:4/ 2005tsintdt—4/ cos® tdt
0 0
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™ q 2
sin(2¢) dt—4/ ++S()dt
0

2

4 [—5 cos(2t)}

=4-0—-2-27 = —4m.

1 21
—2 {t + = Sin(Qt)]
2 0

From a physical standpoint, then, there is a net flux of 47 into the region enclosed by C. W
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16.3 — FUNDAMENTAL THEOREM OF LINE INTEGRALS

Recall that a function ¢ is called a potential function for a vector field F if Vo = F. It is
a fact that not every vector field has a potential function, and those that do are of particular
interest in mathematics and the sciences.

Definition 16.17. A wvector field F is conservative on a region R C R™ if there exists an
open set U containing R and a function ¢ : U — R such that Vo =F on U.

Because our definition of partial derivative is valid only at interior points of a function’s
domain, the function Vi would of necessity have to be defined on an open set U containing R.
How can we tell whether a vector field is conservative? For vector fields defined on a region in
R? or R3 we have the following.

Proposition 16.18. Let F = (f, g) be a vector field on a connected and simply connected region
R C R?, where f and g have continuous first partial derivatives on an open set V O R. Then F
is conservative on R if and only if f, = g, on an open set W O R.

Let F = (f,g,h) be a vector field on a connected and simply connected region D C R3,
where f, h and g have continuous first partial derivatives on an open set V-2 D. Then F s
conservative on D if and only if f, = gz, f. = ha, and g. = hy on an open set W D D.

Proof. Suppose F = (f,g) : R C R? — R is a conservative vector field, so there exists an open
set U O R and a function ¢ : U — R such that F = Vo on U. Let W =U NV, so W is an
open set such that RC W C U,V. Then f = ¢, and g = ¢, on the open set W, and since f
and g have continuous first partials on W it follows that ¢, and ¢, have continuous second
partials on W. Now, by Clairaut’s Theorem (see section 13.4) we obtain

fy = (‘Pw)y = Pay = Pyz = (@y)x = Gz

on W (and therefore f, = g, on R).
The proof is much the same for the three-dimensional case. As for the proof of the converse
(i.e. f, = g, on R implies that F is conservative on R), see section 16.4. |

Example 16.19. Show that the vector field
1 T

F(x,y,z) = <—, ——,22 — 1>

Yy oy

is conservative on R = {(x,y,2) € R®: y # 0}, and then determine a potential function ¢.

Solution. Here R is not a connected region, but if we define
Ry ={(z,9,2) €R®:y >0} and Ry ={(v,y,2) €R*:y <0},

then we see that R; and Ry are connected and simply connected disjoint open regions such that
R = Rl U RQ.
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We begin by carrying out the analysis in Ry, where y > 0. Letting x = (z,y, z), we have
F = (f, g, h) with

f(x)= 1, g(x) = 2 and h(x) =2z — 1.

Now,

fy<x>=—y—12=gx<x>, £.(%) = 0= hy(x), and g.(x) = 0 = hy(x),

which immediately implies that F is conservative on R; by appealing to Proposition with
D,V and W all set equal to R;. The same analysis leads us to conclude that F is conservative
on Ry as well, and therefore F is conservative on the entire open set R.

Now we set about finding a potential function ¢. From V¢ = F we have

x
Pa(x) = —, soy(X)Z—? and  p.(x) =2z -1

In particular ¢, (x) = 1/y implies that

o(x) = /cpx(x)dx _/ldx =t ely.), (16.15)

Y

where ¢(y, z) represents a function of y and z, which is to say that it is constant with respect
to x. (Note that differentiating z/y + c(y, z) with respect to = does indeed return us to the
integrand 1/y.)

Differentiating with respect to y gives ¢ ,(x) = —z/y* + ¢,(y, 2), which, when
compared to p,(x) = —x/y?, informs us that ¢,(y, z) = 0 and therefore c(y, z) = ¢(z). That is,
the function ¢ must not be a function of y.

At this point we have p(x) = z/y + c¢(z). This implies that ¢,(x) = ¢/(z), which, when
compared to ¢, (x) = 2z — 1 above, gives ¢/(z) =2z — 1. So

c(z) :/c’(z)dz:/(Qz— Ndz=2>—2+c
for arbitrary constant ¢. Choosing ¢ to be zero, we obtain
x 2
o) =+ 22— 2
Yy
at last. m

The following is the foremost result of this section, and one that is analogous to the
Fundamental Theorem of Calculus given in Chapter 5.

Theorem 16.20 (Fundamental Theorem of Line Integrals). Let F be a continuous vector
field on an open region U C R™. If o : U — R is such that F = Vi, then

[ F e = ) = ta

for any piecewise-smooth curve C' C U from a to b.
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Proof. Suppose F = Vy on U, and let C' C U be a smooth curve given by r(t), t € [a,b], with
r(a) = a and r(b) = b. Using Chain Rule 1 in section 13.5,

(por)(t) = Ve(r(t) - r'(t) = F(x(t) - r'(2).
Now we employ Proposition to obtain
/CF dr = / F(r(t)) - v/ (1) dt = / (por)(t)dt,
and since

[ or i =(gor®) - (por)e)

by the Fundamental Theorem of Calculus, it follows that

AFw&:MNW—w@wﬁzﬂm—wQ)

If C is a piecewise-smooth curve, then there exist smooth curves Ci,...,C) such that
C =C1+ -+ Cy, where each C; is parameterized by r;(t), t € [a;, b;], such that
bi = rz(bz) = ri+1(a,~+1) = ai+1, (1616)

and in particular ry(a;) = a and ri(b;) = b. Now, using Definition and letting r denote
the parametrization of C' itself, we have

/F-dr:/ F-dr:/F-dr1+---+/ F - dr,
C C14-4+Cy Ch Cy

:/IF(rl(t))m’l(t)dt—i—m—i—/kF(rk(t))«rﬁc(t)dt
:/1(gpor1)’(t)dt+---+/k(gpork)’(t)dt

al ag

The last expression, by the Fundamental Theorem of Calculus, becomes

[p(r1(b1)) — p(ri(a1))] + [(ra(b2)) — p(ra(az))] + - + [o(rr(be)) — (re(ar))],
which yields
[o(b1) — @(a)] + [p(b2) — ¢(as)] + [p(bs) — p(az)] + [p(bs) — (as)] + - -
o+ [p(br-2) — la—2)] + [p(br-1) — p(ar-1)] + [o(b) — ¢(ay)].
Recalling , this leads to
[p(a2) — p(a)] + [p(as) — p(az)] + [p(as) — p(as)] + [p(as) — p(as)] + -
o+ [p(an-1) — e(ar-2)] + [p(ar) — plar-1)] + [p(b) — w(ak)],
which collapses to give —¢(a) + ¢(b) and therefore

/th:wm—¢@>
C

results once more. [ ]
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Y,
C
1
14
-1 | 1 ¥
FIGURE &5.

Thus, if F is a continuous vector field that is conservative on an open connected region U,
then there exists a function ¢ such that F(x) = Vp(x) for all x € U, in which case given any
piecewise-smooth curve C' C U parameterized by r(t), a <t < b, we find that

Athzszwh:¢@w»—wm@>

So the value of fc F - dr does not hinge on the particular path that is taken from the point r(a)
to the point r(b), which is to say the line integral has the property known as independence of
path. This is an important property, because oftentimes F is known to be conservative but a
potential function ¢ has not been determined, in which case the evaluation of | o F - dr may still
be greatly eased by passing from C' to some more convenient path C’ from r(a) to r(b).

The converse of the Fundamental Theorem of Line Integrals is not true in general unless U
happens to also be a connected region. This is given as a separate proposition.

Proposition 16.21. Let F be a continuous vector field on an open connected region U C R™.
If o : U — R is such that

/F»h:mw—¢@>
C

for any piecewise-smooth curve C' C U from a to b, then F = V.
The proof of this proposition will be supplied in time, but for now let’s turn to an example.

Example 16.22. Evaluate [, F - dr, where F(xz,y) = (4, 2zy) and C is the curve given by

r(t)=(tVI—15), -1<t<l.

Solution. The curve C' begin at the point (—1,0) and ends at (1,0), as shown in Figure
It would not be the easiest curve to work with. However, F = (f, g) with f(z,y) = y* and
g(xz,y) = 2xy, and since fy(x,y) = 2y = g,(x,y) it follows from Proposition that F
is conservative. So, by the Fundamental Theorem of Line Integrals the value of |, o F - dris
independent of the path taken from (—1,0) to (1,0). Therefore we can evaluate the line integral
along the path C” given by p(t) = (t,0), —1 < t < 1, which is the line segment connecting these
two points. Now,

/CF-dr:/lF-dp:/_l F(p(t))'p’(t)dtzfl F(t,0) - (1,0)dt

1 -1
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:/_1<o,o> - <1,O)dt:/1(0)dt:0.

1 -1
It’s worthwhile also evaluating the line integral along the original path C' which, while not as
nice, is still quite feasible. |

As we have seen in the previous section, the value of | o F - dr is independent of the function r
that is used to parameterize C, as long as orientation is preserved. (We say f o F - dr is invariant
under orientation-preserving reparametrization.) Thus the r and T in the equivalent symbols
I o F - dr and i) o F - T become something of an encumbrance in situations when having a specific
parametrization for C'is unnecessary. This leads us to so-called differential form notation, which
has wide utility in higher mathematics, but for our purposes will serve primarily as a means of
denoting line integrals without making explicit mention of parametrizations. Given a vector
field F = (f, g) on a region R containing a curve C parameterized by r, we define

/F~dr:/fdx—|-gdy (16.17)
c c

Here fdx + gdy, called a “differential one-form,” is considered to be a single object, so usually
it is not encapsulated in parentheses. An easy way to remember ([16.17)) is to think of dr as
(dzx, dy), so

F-dr=(f g)- (dx,dy) = fdx+ gdy.

In the special case when f =0 or g = 0 we define

/de—i—gdy:/gdy and /fd$+0dy:/fdx. (16.18)
c c c c

Of particular interest for us is the result of Proposition [16.13] which previously required
explicit mention of parametrizations r and p for C' and —C, respectively, but in our new notation
is written simply as

/ fda:—l—gdy:—/fdx—l—gdy.
—C c

/CF~n:/Cfdy—gd:c, (16.19)

which can be remembered by thinking of n as being (dy, —dx) and carrying out the dot product.
(Consider: if dr = (dz, dy) is thought of as a vector tangent to C, then (dy, —dz) would be a
vector normal to C.)

In the statement of the following proposition the symbol gsc is used to indicate that the line
integral is over a curve C' that is closed.

Next we define

Proposition 16.23. Let U C R"™ be an open region. Then F is conservative on U if and only if

§I§fda:+gdy:0
c

on all simple closed piecewise-smooth curves C' C U.
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16.4 — GREEN’S THEOREM
Throughout the remainder of this chapter the symbols

$oand ¢

will denote a line integral over a closed curve C' in the zy-plane that has a positive (counter-
clockwise) orientation and negative (clockwise) orientation, respectively, as viewed from z > 0
in the standard right-handed R2, _ system. Proposition [16.13|implies that

Tyz

%fdx%—gdyz—%fdx%—gdy,
C C

which should be remembered during the developments to come.

Lemma 16.24. Given any continuous vector field F = (f,g) : R C R? = R and piecewise-
smooth curve C C R,

/fd:)s+gdy:/fdx+/gdy and /fdy—gd:v:/fdy—/gdx.
c c c c c c

Proof. Letting r(t) = (x(t),y(t)), t € [a,b], be a parametrization for C', we obtain

/fder/ gdy:(/ fdx+0dy>+(/ deJrgdy) Equation (|16.18])
c c c c

:/<f, 0) -dr+/<0,g) -dr Equation ((16.17)
C C
- / (F(x(),0) - (8)dt + / 0.g(x(t) - ¥'(t)dt  Prop.

b b
:/ f(r(t))x'(t)dt+/ g(r(®)y' (t)dt Dot product
— [ )20 + g(e(e) 1) Section 5.2
— /bF(r(t)) -r/(t)dt Dot product
—/F.dr—/fdx—i—gdy, Prop. [16.10] and (16.17)
c c

which verifies the first equation in the lemma. Verification of the second equation is done
similarly. |

We now come to the first form of Green’s Theorem, known as the circulation form. It is
important to remember that we define the region R C R? bounded by a closed curve C to
include C' itself, and thus R is a closed set.
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Theorem 16.25 (Green’s Theorem—Clirculation Form). Let C C R? be a simple closed
piecewise-smooth curve that bounds a region R, so that C' = OR. If f and g have continuous
first partial derivatives on an open region containing R, then

y%R fdr + gdy = g(gx — f,) dA. (16.20)

Note the use of the symbol ¢ indicating that R must have a positive (counterclockwise)
orientation. Also, some books state Green’s Theorem a little differently, giving conditions
on R instead of on C'. Specifically, instead of stating that C' must be simple, closed, and
piecewise-smooth, one could equivalently require that R be a connected and simply connected
region with piecewise-smooth boundary.

If f, g, and C are as in Green’s Theorem, we define F = (f, g), and we give C' a positively
oriented piecewise-smooth parametrization r(t) = (x(t),y(t)), t € [a,b], then (16.20) may be

written
dg Of )
F.dr = <— — = |dA,
, G5,

where we use Leibniz notation at right for variety’s sake.

Proof. We will prove Theorem [16.25| for the special case when R is both a vertically and
horizontally simple region, and C' = R is smooth. Thus

R={(z,y):a<z<bpi(zr) <y <)} ={(z,y) 1 c <y < d,hi(y) <o <aha(y)},

and so if C is the curve given by ri(t) = (¢, ¢1(t)), t € [a,b], and Cy is the curve given by
ro(t) = (t,2(t)), t € [a,b], then C' = Cy + (—=C3) = Cy — Cs as shown at left in Figure 86, Now,
by Definition [16.7] and Proposition [16.13]

/fdx: fdx + fdx = fdx — fdx,
c C

—C> C1 Ca

Y, Yy
_02 d+---------"=--"---=
: Cl E C+-----"=
| . .
: - >

FIGURE &6.
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and so by Proposition [16.10

/fda:—/ 4 (£),0) - (1) dit — /b<f<r2<t>>,o>-r;<t>dt

/f it dt—/ftsoz

- / F(t (D) — F(E o))t (16.21)

a

where we use the fact that r(t) = (1, ¢}(t)) for each i. On the other hand Fubini’s Theorem
and the Fundamental Theorem of Calculus yield

b pea(z) b
LffydAZL /W) fy(:v,y)dydaszfa [f(z, pa(a)) — fl,1(2)))da,

and a comparison of this result with ([16.21]) makes clear that
H f,dA = —/ fda. (16.22)
i c

Next, let (' be given by
pi(t) = ((t), 1), teled],
and C4 by
pa(t) = (a(t), 1), t€led],

so that C' = —Cf 4 C} as shown at right in Figure [86] By Definition and Proposition (16.13

/gdyZ/ gdy+/ gdy:—/ gdy+/ gdy,
c e cy el ch

and so by Proposition [16.10

/ngyz —/ (0,g(p1(t))>~p’1(t)dt+/ (0,9(ps(t))) - P5(t)dt

d b
:/ g(¢2(t),t)dt—/ g(u(t), 1) dt

- / [9(a(t), 1) — gt (1), D] dt (16.23)

where we use the fact that pl(t) = (¢i(t), 1) for each i. On the other hand

jj g dA = / /w ) Selm)dady = /Cd[gwg(y),y)—g<w1<y>,y>]dy,

and a comparison of this result with | m ) shows that

j gdi:/gdy. (16.24)
R c
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Finally, equations (|16.22]) and (|16.24]) taken together give

/Cfdx+gdy—/cfdx+/cgdy——£jfydA+£jgdi—g(gx—fy)dA,

where the first equality is justified by Lemma [16.24] |

The first application of the theorem will be to finish the proof of Proposition [16.18 The
argument in R? should be sufficient to convey the general approach.

Proof of Proposition Concluded. Suppose f, = g, on an open set W containing
R C R? so that g, — f, = 0. We can assume without loss of generality that W is contained
in V' and is itself both connected and simply connected. Hence f and g have continuous first
partials on W.

Now, let C' C W be a simple closed piecewise-smooth curve that bounds a region S. Since
S C W it’s seen immediately that f and g have continuous first partials on an open region
containing .S, and so Green’s Theorem can be invoked to obtain

y%fda; +gdy = [{ (9. = f,)dA = [[(0)da =o.

By Proposition [16.23] F' is conservative on W and therefore is conservative on R. |

Example 16.26. Use Green’s Theorem to evaluate the line integral

yg(yQ — 2’y)dz + zy*dy,
C

where C' consists of the arc on the circle 22 + y? = 4 from (2,0) to (v/2,v/2), the line segment
from (v/2,v/2) to (0,0), and the line segment from (0, 0) to (2,0).

Solution. Let R be the region bounded by C', so R is a circular sector as shown in Figure [87]
and C' = OR. Clearly the transformation (r,0) — (7 cosf,rsin ) maps the region

S={(r0):0<r<2and0<60<rw/4}

Y,

(vV2,v2)

[\
H‘

FIGURE &7.
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onto R, so Theorem [15.11| will be of use here:
yg(yz — 2%y)de + xy’dy = H [y? = (2y —2*)] dA
. R

= Jj (7"2 sin? 0 — 2rsin 0 + 2 cos? 9) rdA

S
w/4 P2
= / / (7’3 — 2r?sin 9) drdf
0 0
w/4 1,4 3 2 w/4
0 4 3 0 0 3

1 7T/4
:{49+—6C089} =T+ — - —.
3 0
[ |

Let f and g have continuous first partials on an open region containing R C R%. Suppose R
is not connected and simply-connected, but there exist measurable sets (see §14.2) Ry and Ry
such that R = Ry U Ry and A(R; N R2) = 0. Then by Proposition we can write

{[ (9= £)dA = [[(g: = £,)dA+ [[ (g2 — £,) dA. (16.25)
R Ry R2

Now, assuming that Ry, Ry are each both connected and simply-connected, OR;, R, are each
simple closed piecewise-smooth curves, and ri, ro are each parametrizations for 0R;, 0 Ry with
positive orientation, then by Green’s Theorem equation ((16.25)) becomes

[0~ s)dA=¢ P B (16.26)
o OR, ORs
It may be that the right side of (16.26]) is much easier to evaluate than the left side.

Proposition 16.27. Let C, Cy be closed simple piecewise-smooth curves, with Cy lying in the
interior of the region bounded by Cy. If Ci has negative and Cy positive orientation, R is the
region bounded by Cy and Cs, and g, f have continuous first partial derivatives on an open
region containing R, then

Lf(ga:—fy)dA:%CIfdvagdyﬁ' szdx—l—gdy-

Proof. Let p;, ps be points on C; and ¢i, ¢ points on C5. Now, define the curve A =
Ay 4+ Ay + Az + Ay, where A; is a simple, piecewise-smooth path from p; to ¢, A, is the path
on Cs from ¢ to go consistent with the orientation of Cy, A3 is a simply, piecewise-smooth path
from ¢y to py, and A, is the path on C; from py to p; consistent with the orientation of Cf.
Next, define the curve B = By + By + B3 + By, where By is —A; from ¢; to p;, Bs is the path
on (' from p; to py consistent with the orientation of C, Bs is — A3 from ps to ¢o, and By is
the path on Cy from ¢ to ¢; consistent with the orientation of Cy. See Figure 88 Curve A is
the boundary of a connected and simply-connected region R;, while B is the boundary of a
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connected and simply-connected region Rs; and since R = Ry U Ry and A(R; N Ry) = 0, by
(116.25]) we obtain

ﬂ(gx —fy)dA = H(gx — fy)dA+ H(gx — fy) dA. (16.27)
R Ry Ry

Now, by construction A = 0R; and B = OR, are each closed, simple, piecewise-smooth, and
positively oriented curves, so by Green’s Theorem ((16.27) becomes

g(gx — fy)dA = y%fdx-l—gdy-f—éfdx—l—gdy. (16.28)

Suppressing integrands in the interests of brevity, we have

%ﬁéz/,41+/AQ+/AS+/A4+/&+/BQ+/B3+/B4, (16.29)
/Blz/Alz—/Al and /BSZ/ASZ_/AS’

equation (16.29|) becomes

bt Lo Lo b U LU L)
R B B &

This result, combined with (16.28)), yields

Lf(gx — fy)dA 25501 fda:+gdy+§l%2fda:+gdy,

and since

which finishes the proof. |

FIGURE 88. At right, the curves A and B.
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In the classical notation, if F = (f, g), and parametrizations for C; and Cy are given by
functions r; and ry, respectively, then Proposition gives

ﬂ —f,)dA = ClF-drl—Ir}l%QF-drg.

Compare this result to 7 for the differences are subtle. Of course, explicit parametrizations
are not always practical for every curve, as the next example illustrates.

Example 16.28. Given the vector field

Yy x
F(ZL’,y) = <_I'2+y27$2+y2>’

show that if C' C R? is a simple closed piecewise-smooth curve that encloses the origin, then

% fdx + gdy = 2.
c

Solution. Let C' be an arbitrary simple closed piecewise-smooth curve that encloses (0,0)
and has positive orientation. As shown at left in Figure 89, C' may be a curve that would be
quite difficult to parameterize in any fashion, much less in a fashion that would admit easy
analysis. The way to proceed is to introduce a second curve C” that also encloses the origin, but
which lies in the interior of the region R bounded by C, has negative orientation, and is easily
parameterized. Since (0,0) € Int(R), there exists some ¢ > 0 such that B.(0,0) C R, and so we
can let C” be the circle centered at (0,0) with radius e.

Let R’ be the region bounded by C’ and C; that is, R = R\ B.(0,0) as shown at right in
Figure 89 Since

X
f(iv,y)——m 2t

have continuous first partials on R?\ (0,0), which contains R’, by Proposition [16.27

C/fdx+gdy+§l%fd:r+gdy = g(gx — [y)dA

and g(z,y) =

. 2 .2
~Jf [ - ]
(22 +y2)% (22 +92)?
Y, Y,
C c

FIGURE &9.
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= [Jaa=o,

515 fdr + gdy = —§£ fdx + gdy. (16.30)
c c

Now, the circle C" with negative orientation is easily parameterized by r(¢) = e(sint, cost)
for t € [0,27]. With this parametrization we obtain

75/ fdo+ gdy — 75 F - dr — /O%F(r(t)) () dt

and thus

2w

€ . ‘

- / (esint)? + (ecost)? (—cost,sint) - (ecost, —esint)dt
0

2m 2m
= / (—cost,sint) - (cost, —sint)dt = / (—cos®t —sin?t)dt
0 0

2m
= / (—=1)dt = —2m,
0
and so by equation (|16.30) we conclude that

&lgfdx—l—gdy = 2T,
c

as was to be shown. [ ]

It’s worth reflecting on the example above, because the result is really quite astonishing: no
matter how bizarre the curve C' is, we are assured that the value of the line integral of F over C'
is the same. And not only that, we are able to determine that the value is 27!

Theorem 16.29 (Green’s Theorem—Flux Form). Let C' C R? be a simple closed piecewise-
smooth curve that bounds a region R, so that C = OR. If f and g have continuous first partial
derivatives on an open region containing R, then

ngfdy —gdr = g (fz +gy) dA

This form of Green’s Theorem can easily be proven by replacing g and f with f and —g,
respectively, in the circulation form. Recalling the classical notation for the line integral and
writing the double integral in Leibniz notation, the theorem tells us that

51%1? n_yg Fdy — gd;c—ﬂ(af ag)dA

where it is understood that F = (f, g) and n is the outward unit normal vector function for C.

Example 16.30. Use Green’s Theorem to evaluate the line integral

ygfdy — gdx,
C

where (f, g) = (0,zy) and C is the triangle with vertices (0,0), (2,0), and (0,4).
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Y,

[\
HV

FI1GURE 90.

Solution. The form of the line integral calls for the flux form of Green’s Theorem. Letting R
be the triangular region bounded by C, we obtain
2x+4

y%fdy —gdx = Lf [0:(0) + 0, (zy)| dA = LjajdA = /0 /0 xdydx

2 2 9 2 g
= / [zylg 2 T de = / (=227 + 4a)dx = [——x3 + ZxQ} ==
0 0 3 0o 3

See Figure 90 [ |

Wholly analogous to Proposition [16.27| (and proved by the same argument) is the following.

Proposition 16.31. Let Cy, Cy be closed simple piecewise-smooth curves, with Cy lying in the
interior of the region bounded by Cs. If Cy has negative and Cy positive orientation, R is the
region bounded by Cy and Cy, and g, f have continuous first partial derivatives on an open
region containing R, then

£f(fx+gy)dA:y§C1fdy—gd$+ fdy — gdx.

Co
The usefulness of this result can be exhibited right away.

Example 16.32. Compute the flux of
F(z,y) = (xy’, 2%y)

across the boundary of the region R = {(z,y) : 1 < z* + y? < 4}.

Solution. The region R, as Figure [91] shows, is an annulus with a boundary R that consists
of two simple closed piecewise-smooth curves, C'; and Cs, that are completely separate from
one another, with C] being in the interior of the region bounded by Cs. Let Ry and Ry be the
regions bounded by C; and Cs, respectively. The flux of F = (f, g) across C; into R equals the
flux of F out of Ry, and thus the flux of F' across C out of R is the negative of the flux of F
out of Ry. As a result the (outward) flux of F across 0R = C; U Cy as a whole is given by

Flux of F across OR = (Flux of F across Cy) — (Flux of F across C)
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where the last equality is a consequence of Proposition [16.31]
If7T:R?% — ]Riy is the usual conversion transformation from polar to rectangular coordinates,
then it can be seen that R = T'(S) for

S={(r0):0<0<2rand 0 <r <1},

and so Theorem [15.11] gives

ff(fz +gy) dA = II(ZBQ + ) dA = jf(rz sin?@ + r? cos® 0)r dA
R R

s
2 2 2 1 2
= ff r3dA = / / r3drdf = / [—7’4} deo
S o J1 o 45

27r1 1
:/ —5d(9:—57r.
0

4

2

Therefore the (outward) flux of F across R is 157/2.
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16.5 — DIVERGENCE AND CURL

The gradient operator in R” is notationally represented as

V ={(0u,.,00), (16.31)
and is defined by
Vi={0ulf, 00, f) = fars- s fan)

for a function f with domain a subset of R™. Thus, if x € R” is a point where the partial
derivatives f,. of f all exist, then

Vf(X) = <fx1(x)> R fxn(x»

We see that Vf is the familiar “gradient of f” from Chapter 13.
It must be stressed that the expression on the right-hand side of is not a vector, but
rather a convenient symbol that facilitates the proper use of the operator V. For instance, if
= (f1,..., fn) is a vector field with domain a subset of R", then we may define the function

V-F={(8,,....0,) (fi,-., fa) Zaxlfl (16.32)

Similarly, if F = (f, g, h) is a vector field with domain a subset of R3, then we may define the
function

V X F = (0;,0,,0.) x (f,g.h) = (hy — gz, [ — ha, go — [y)- (16.33)

The equalities in (|16.32)) and (16.33)) are established by definition, with the middle expressions
serving as convenient symbols to help connect the functions V - F and V x F to their intended

meanings. When the dot product is applied to the middle expression in ((16.32) as if (., ..., 0x,)
were a vector, the expression at right follows immediately. As for (16.33]), we need only treat

the middle expression as a cross product of two vectors to obtain

i j k
V xF =(0,;,0,,0,) x (f,g,h) = |0, 0y 0.
f g9 h
_ |0y O |0 O:f: |0 O
g h It

= (Oyh — 0.9)i — (0uh — 0.f)j + (g — 0, f)k

= (hy - gz>1 + (fz — hac).] + (g:r — fy)k7

which readily delivers the expression at right in ((16.33]).
The setting throughout the remainder of this section will be strictly limited to R3, the
three-dimensional space that is typical in physical applications.

Definition 16.33. Let F = (f, g, h) be a differentiable vector field on a region R C R3. The
diwvergence of F on R s

divF =V -F = f, +g, + h.,
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and the curl of F on R is
cwlF =V xF = (hy— 9., f. — ho, g2 — f1))-
If divF =0, then F is source-free; and if curlF = 0, then F s trrotational.
Thus, if x € R, we have
(divF)(x) = (V- F)(x) = fo(x) + gy(x) + h(x)
and
(curl F)(x) = (V x F)(x) = <hy(x) — g.(X), f2(x) = hy (%), go(x) — fy(x)>

Example 16.34. Find the divergence of F(x,y, z) = (yzsinx, xz cosy, xy cos z).

Solution. We have
(divF)(z,y,2) =V -F = (0,,0,,0,) - (yzsinz, xz cosy, xy cos z)
= 0,(yzsinx) + 0y (xz cosy) + 0. (xy cos z)
= yzcosx — xzsiny — xysin z,
by Definition [16.33] n
Example 16.35. Find the curl of F(z,y,2) = (0, 22 — y?, yz).
Solution. We have
i j k
(Curl F)(l‘,y72) = (v x F)(x,y,z) = aﬂ»‘ 83/ 82
0 22—9% yz
0, 0. .
22—y yz
=[0y(yz) = 0.(=* — y*)]i — [0:(y2) — 0:(0)]5 +[0:(=" — y*) — 9,(0) ] k
= —zi=(—2,0,0),
by Definition [16.33] ]

O 0.

Oz Oy
0 yz J

0 22_y2
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16.6 — PARAMETRIZED SURFACES

In Chapter 12 the concept of a parameterized curve C' was introduced, which is a curve that
is generated by a vector function r: I CR — R" n > 2, given as r(t) = (z1(t),...,z,(t)) for
t € I. Thus as a point set C' = r([), which is to say C' is the trace, or range, of r. Now we
consider parameterized surfaces.

Definition 16.36. A parameterized surface ¥ is a surface that is generated by a vector
functionr : R C R? — R", n > 3, given as

r(u,v) = (r1(u,v), zo(u,v), ..., T, (u,v))

for (u,v) € R. Thus as a point set ¥ =r(R) C R".

The symbol X, and not S, will consistently be used to designate a surface throughout the
remainder of this chapter, because S will consistently be used to denote surface area. Also, for
the remainder of this chapter we will assume that any surface is in R? unless otherwise specified.

Example 16.37. Consider an ellipsoid in R? centered at the origin, given by the general
equation
2 2 2

%+£+%:L (16.34)
We can parameterize this surface X using the fact that any point lying on it can be specified
with two bits of information: first, an angle 0 < u < 7 with respect to the positive z-axis which
determines a point x, on the ellipse C' that is the xy-trace of ¥ as shown at left in Figure [02]
and then an angle 0 < v < 27 which determines a point x,, on the ellipse C, lying at the
intersection of ¥ with the plane containing x, that is parallel to the yz-plane, as shown at right
in Figure

Since C' can be parameterized by

p(t) = (acost,bsint,0)

Yy 2,
b -
C Xu
XU/U
csinu { K v
) X, T2
\\J Racy
Cu —_—
bsinu

FIGURE 92. Left: the ellipse C, with segment [x,,,x] | depicting the cross-sectional
ellipse C, viewed edge-on from above. Right: the cross-sectional ellipse C,,.



427

FicUre 93. Ellipsoid given by ([16.36]), with “poles” at front and back.

for t € [0,27], we find that x, = p(u) = (acosu,bsinu,0). Now, using (16.34)) and the fact
that £ = acosu on C,, we find an equation for C,,:

(acosu)® y* 22 y? 22 5 y? 22

-~ L+t =] = 4 =—=1- =

a? N b2 * c? b2 N c? cos (bsinu)? N (csinu)?

From this we find a suitable parametrization for C, to be

=1

p,(t) = (acosu,bsinucost, csinusint)

for t € [0,27], and so x,, = p,(v) = (acosu,bsinucosv, csinusinv). This is all we need to
construct a parametrization for X itself:

r(u,v) = (acosu,bsinucosv, csinusinv), (16.35)

for u € [0,7], v € [0,27]. If we let a = 6, b = 4, and ¢ = 3, we obtain an ellipsoid with
parametrization
r(u,v) = (6 cosu,4sinucosv,3sinusinv), (16.36)

as shown in Figure

FI1GURE 94. Ellipsoid given by ({16.37)), with “poles” at top and bottom.
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As with curves there is always more than one possible parametrization for a given surface Y.
An alternate parametrization for the ellipsoid with a = 6, b = 4, and ¢ = 3 can be obtained
from by permuting the roles of the variables z, y, and z in our coordinate system. In
particular we could relabel axes, letting the x, y, and z axes become the z, x, and y axes,
respectively, and replacing a, b, and ¢ with ¢, b, and a. This would alter to give the

parametrization

F(u,v) = (6sinucosv,4sinusinv, 3 cosu). (16.37)

The “‘new” coordinate system is in fact still a right-handed xyz-coordinate system, so by
adjusting our vantage point accordingly we can view the graph of r with the coordinate axes
in the same positions as before. See Figure [04] noting in particular the change in the lines of
latitude and longitude, as well as the shift in position of the poles. |

Example 16.38. We now consider the surface > in Figure called a torus. In Figure a)
is shown the xy-trace of 3, which consists of two concentric circles centered at the origin, one
with radius 4 and the other with radius 6. In Figure [06|(b) is shown the zz-trace, and indeed
any plane in R? given by an equation of the form y = cx, where ¢ is a constant, will intersect
with ¥ at two circles with radius 1. The task is to construct a parametrization for .

A point on ¥ can be specified with two parameters u and v. The first parameter, 0 < u < 27,
can be taken to be an angle with respect to the positive z-axis (just like 6 in the cylindrical
coordinate system), which determines a point x,, on the circle C' in the xy-plane with center at
the origin and radius 5 as shown in Figure (C) If we parameterize C' by

p(t) = (5cost,5sint,0), t e [0,27],

then x, = p(u) = (5cosu, 5sinu, 0). The points on X located at a given value of u will lie on a
“longitudinal circle” (i.e. a circle perpendicular to the xy-plane) C,, of 3 having center at x, and
radius 1, as shown in Figure (d) The same figure depicts one viable way that the second
parameter 0 < v < 27 may determine a particular point x,, on C,, which happens also to be
a particular point on X itself. The challenge is to find a parametrization for C, for any fixed
value of u € [0, 27].

Start with the circle Cy in the xz-plane with center at the origin and radius 1. A parametriza-
tion for Cj is given by

po(t) = (cost,0,sint), ¢ € [0,2n]

FIGURE 95. Stereoscopic image of a torus.
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(b) The zz-trace of X.

< Y,
Co Ch
S/
RTAVAYZ N l
! | y u 1
A u . ) j N
X X S
cost
x Y
(e) The unit circles Cy and C. (f) Coordinate transformation.

FIGURE 96.
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Now, if we rotate Cy about the z-axis by angle u, we obtain a new circle C; parameterized
by
p,(t) = (cosucost,sinucost,sint), t e [0,2n]. (16.38)

To see this consult Figure (e), which shows Cjy and (7, a point x € Cj and the corresponding
point X' € C obtained after rotating Cy, and the projections of these points onto the xy-plane,
denoted in the figure by x and X'. If x = (cost, 0, sint) for some 0 < ¢t < 2, then X = (cost, 0, 0),
and from Figure [96](f) it can be seen that X' = (cosucost,sinusint) and thus

x' = (cosucost,sinucost,sint),

(notice the z components of x and x’ are the same since rotation is about the z-axis).
Next, we translate C; horizontally by 5cosu and vertically by 5sinu on the zy-plane to
bring its center to x,, which gives us C,,. Thus C,, has parametrization

p.(t) = py(t) + (5cosu, bsinu, 0);

that is,
p.(t) = (bcosu + cosucost,5sinu + sinucost,sint), t e [0,27]

We specify a point x,,, on C,, then, by setting t = v for some 0 < v < 27, giving
Xyp = (D cosu + cosu cos v, 5sinu + sin u cos v, sin v)
and thereby determining a point on . Hence
r(u,v) = (5cosu + cosucosv,5sinu + sinucosv, sinv), w,v € [0,27]

is a parametrization for 3. [ |

Notice that, from a mathematical standpoint, a vector function
r(u,v) = (z1(u,v),...,z,(u,v)), (u,v) € R,

is nothing more or less than a vector field in R", and so Definition [16.1] already makes clear what
it means for r to be continuous, differentiable, or continuously differentiable on any arbitrary
set region S C R. What follows is a definition of what it means for r to be smooth on R which
will be sufficient to suit our needs for the remainder of the chapter; but it is a stricter definition
than the one developed in differential geometry courses with more sophisticated machinery.

Definition 16.39. A continuous functionr : R C R? — R? given by
r(u,0) = (2(u,v), y(u, v), 2(u, v)) (16.39)
1s smooth on R if all of the following are true:

1. R 1s a connected and simply connected set.
2. v is continuously differentiable on Int(R).
3. r is one-to-one on Int(R).

4. (v, X 1,)(u,v) # 0 for all (u,v) € Int(R)

Definition 16.40. A continuous function r : R C R? — R3 given by (16.39) that is one-to-one
on Int(R) is piecewise-smooth on R if either one of the following is true:
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1. R is connected and simply connected, but can be partitioned into sets Ry, ..., R, such thatr
1s smooth on each Ry,.

2. R is a disjoint union of connected and simply connected sets Ry, ..., R, such that r is smooth
on each Ry.

In the common situation when R = [a,b] X [c,d] (a closed rectangle), it is reasonable to
define r to be piecewise-smooth if there exists a partition

{a=ug<uy < - <Up1<Up=b;c=vg<v1< - <V,_1 <V, =d}

of R such that r is smooth on R;; = [u;_1,u;] X [vj_1,v;] for each 1 <i<m, 1 <j <n.

For our purposes a surface X will be said to be smooth if it admits a smooth parametrization
in the sense of Definition [16.39, and piecewise-smooth if it admits a piecewise-smooth
parametrization in the sense of Definition [I6.40 Whenever a surface is said to be smooth or
piecewise-smooth it is assumed that any parametrization given for the surface is itself smooth
or piecewise-smooth.

Example 16.41. Let ¥; be the rectangular region with vertices (2,0,0), (2,1,0), (0,1,0),
(0,0,0), let X5 be the rectangular region with vertices (2,0,0), (0,0,0), (0,0,3), (2,0,3), and
let X3 be the rectangular region with vertices (2 0,3), (2,1,0), (0, 1,0), (0,0,3). Consider the
surface ¥ = ¥; U 35 U X3, shown in Figure The curve C' with vertices (0, 0,0) (0,1,0),

(0,0,3) shown in the figure lies on X, and can be parameterized by function p : [0,3] — R3
given by
<0 v,0), velo,1]
p(v) =1<(0,2—v,3v—3), wvell2
<0 0,9 — 30), v e [2,3]

For each u € [0,2] the function p, : [0,3] — R?® given by p,(v) = p(v) + (u,0,0) generates
another triangle that lies on ¥, and the union of all these triangles generates ¥ itself. Thus, we

22 22
21 Z1

FIGURE 97. The piecewise-smooth surface X.
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may parameterize 3 by the function r : [0,2] x [0,3] — R? given by

(u,v,0), (u,v) € [0,2] x [0, 1]
r(u,v) = ¢ (u,2 —v,3v = 3), (u,v) €[0,2] x[1,2]
(u,0,9 — 3v), (u,v) €10,2] x [2,3]

The surface ¥ is not smooth since r is not continuously differentiable on (0,2) x (0, 3), which is
the interior of the domain of r. For instance, the first partial derivatives of r do not exist along
the line segment [(0,1), (2, 1)] in the uv-plane connecting the points (0,1) and (2,1). However,
¥ is piecewise-smooth according to Definition [16.40)(1), since the rectangle [0,2] x [0, 3] can be
partitioned into subsets [0,2] x [0,1], [0,2] x [1,2], and [0, 2] x [2, 3], and r restricted to each of
these subsets is smooth.

Another way to parameterize X is to use three separate parametrizations for each of the
rectangles Y1, Yo, and 3. We have

Y ri(u,v) = (u,v,0), (u,v) €10,2] x [0,1]
Yo ro(u,v) = (u,0,v), (u,v) €10,2] x [0, 3]
Y3  r3(u,v) = (u,v,—-3v+3), (u,v)€[0,2] x[0,1]

We can regard the domains of the functions ry, ro, and rs as being subsets of different “copies”
of the uv-plane. Function ry, as indicated by its subscript, has domain in copy 1 of the uv-plane,
ro has domain in copy 2, and r3 has domain in copy 3. Formally, the subscript ¢ in the symbol
r; is taken to be a third independent variable that designates which copy of the uv-plane the
domain of r; belongs in. Thus the domains Ry, Ry, R3 of ry, ry, and r3 are considered to be
disjoint, and if we let R = R;U Ry U R3, then the three functions taken together create a function

r: Rx{1,2,3} - R
that is a parametrization of ¥:
r(u,v,i) = r;(u,v).

We see, however, that ¥ is now piecewise-smooth in the sense of Definition (2), which goes to
show there is no substantive difference between the two ways a surface may be piecewise-smooth
according to Definition [16.40]

In practice we will be less formal, which is to say we will make no attempt to put separate
functions such as ry, ry, and r3 together to obtain a single parametrization r for a surface. Each
r; gives us a piece of the surface, and the pieces “add up” to the whole surface in question. W
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16.7 — SURFACE INTEGRALS

Definition 16.42. Let f be a scalar-valued function that is continuous on a smooth surface X
parameterized by r(u,v) for (u,v) € R. The surface integral of  over X is

Hf = ﬂ flr(u,0))||[(ry x 1) (u, v)|| dA.

Alternative symbols for the surface integral of f over X are

[ ras. ([ rev)ds, and [[ f@@i(wv),...,2a(u,v))dS,
by by by

with the idea being that d.S represents an “elemental surface area” in a manner consonant with

the usual non-rigorous hocus-pocus of Leibnizian cultists. Extending this notion we have the

following definition.

Definition 16.43. If ¥ is a smooth surface parameterized by r(u,v), (u,v) € R, then the
surface area of X is
A) =[] ds,
b

provided that the double integral exists. If 3 is not smooth, but ¥ given by r(u,v), (u,v) € R' C
R, is smooth, where A(R\R') = 0, then we define A(X) = A(X') provided that A(X') is defined.

Thus A(X) is just [y, fdS for the constant function f(zy,...,2,) = 1. All other “definitions”
of area given earlier in this book are actually propositions that could be proven using Definition

M16.43]

Example 16.44. Find the lateral surface area of the circular cone with height h and base
radius 7r.

Solution. The lateral surface area would be the area of only the “side” of the cone, which is

to say the area of the base (which is a circular disc of radius ) is not included. Let 3 be the

lateral surface of the circular cone with height h and base radius r. A parametrization for X is
TV TU

r(u,v) = <f COS U, Zsinu,v>, (u,v) € [0,27] x [0, A].

Let R = [0,27] x [0, h]. Notice that 3 is not smooth owing to the cone’s apex at (0,0, 0), so we
pass to a new surface ¥’ parameterized by r(u,v) for (u,v) € [0,27] x (0,h] := R' C R, which
is simply the cone with its apex removed. Since R\ R’ is just a line segment in the uv-plane it
is clear that A(R\R') =0, and so A(X) = A(X') by Definition [16.43, Now,

i j k

v, T 2
(ry X 1) (u,v) = _E St u ?COS“ O = <% cosu,%sinu, —2—:> ,

—CosU 7 sinu 1

h
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so that

r2y2? rZy? r2p ) 72
|(ry X 1) (u,v)|| = FCOSZU—F 78111271—# (ﬁ) =5 1+ 72

and we're ready to find the surface area of ¥’. Observing that ||r, X r,|| is a continuous function
on the compact set R (and hence a bounded function), we have

AY) = [[ s = [ lIru x r.[ a4 (Definitions [16.43 & [16.42)
> R’

= jj Ity X r,||dA = JI |ty x || dA (Definition
" R

2/7  rh

:/ / %\/14—7’2/}12 dvdu (Theorem [15.5))
0 0
2 h

:/0 S/ du

= mrhy/1+12/h2.

Therefore
A(X) =mrvr2 + h?

is the sought after area. |

Example 16.45. Recall from §6.3 the concept of a surface of revolution: given a differentiable
function f such that f(z) > 0 for all € [a,b], we revolve the curve C given by y = f(x),
a < x < b, fully about the x-axis to generate a surface ¥ in R3. The question is, what is a
parametrization for X7

Let u € [a,b]. A point on ¥ at x = u can lie anywhere on a circle C,, in R? that is parallel
to the yz — plane, has center at (u,0,0), and radius f(u). We can parameterize C,, by

p(t) = (u, f(u) cost, f(u)sint), t € 0,2n],

and so determine a specific point on C,,, and hence on ¥ itself, by specifying a value t = v for
some 0 < v < 27. Thus a parametrization for ¥ is

r(u,v) = (u, f(u) cosv, f(u)sinv), (u,v) € [a,b] x [0, 27].
With this parametrization we are in a position to determine the area of 3. We have
r,(u,v) = (1, f'(u) cosv, f'(u)sinv) and r,(u,v) = (0,—f(u)sinv, f(u)cosv),
so that
i j K
(ry X r,)(u,v) = (1 f'(u)cosv f'(u)sinv| = (f'(u)f(u),—f(u)cosv, —f(u)sinv),
0 —f'(u)sinv f(u)cosv

and hence

v ) 0) | = /L7 () F()]2 + F2(u) cos?o + f2(u) sin® v = F(u)y/1+ [/(u)]2
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By Definition [T we obtain

ﬂ 45 = [ S0+ [ 4
// + [f'(u )Pdvdu—/ab%f(u) 1+ [f"(uw)]? du

for the area of a surface of revolution. [ |

Definition 16.46. A smooth surface ¥ C R? parameterized by
r(u,v) = <x(u, v),y(u,v), z(u, v)>, (u,v) € R,

is orientable if the function n : Int(R) — R3 given by

n(u,v) =

r, X r,
u v 16.40

has the following properties:

is continuous on Int(R), with a continuous extension n. to R.

. n
n.(ur, v1) = De(uz, v2) for any (ur,v1), (uz, v2) € R such that r(ui,v1) = r(uz, va).

1
2.

Henceforth we will denote n. by n, which is to say we assume any n is in fact a continuous
extension of the function defined by . We call n and —n the two possible orientations
for 3 that consist of unit vectors. Once an orientation n = 4+n has been chosen for ¥ we say
that the surface is oriented. More formally an oriented surface may be regarded as a pairing
(33, n) of a surface ¥ with an orientation n.

The function n is thought of as assigning a unit vector n(u,v) to each point r(u,v) on the
surface 3, and it can be shown that n(u,v) is orthogonal to ¥ at r(u,v); that is, n(u,v) is a
normal vector for the tangent plane to X at r(u,v). (The smoothness of ¥ at the point r(u,v)
is what ensures that ¥ in fact has a tangent plane at r(u,v).) So n defines a vector field on X
consisting entirely of unit vectors that are orthogonal to .

On a local scale, the continuity of n on R implies that for any x € X, there exists a
sufficiently small € > 0 such that the unit vectors assigned by n to the points in B(x) 0¥ point
approximately in the same direction. This means that, globally, the vectors that n assigns to
>’ all issue from the same “side” of the surface. Generally speaking, an orientable surface is
a surface for which it is possible to identify two sides. If the two sides were painted different
colors, there is no point on the surface where the two colors will necessarily mix.

A surface that is not orientable is called nonorientable. The most famous example of a
surface that is not orientable is a Mobius band. Shown in Figure [98|is a Mobius band that has
parametrization

r(u,v) = <cos(u) + gcos(u) cos(g), sin(u) + gsin(u) cos(%), gsin(g»

for (u,v) € [0,2n] x [-1/4,1/4].

Let X be a piecewise-smooth surface, so that it consists of smaller surfaces X1, ..., Y, which
are each smooth by themselves. Let r(u,v), (u,v) € R, be a parametrization for X, and define
R' C R by

R' = {(u,v) € R: ¥ is not smooth at r(u,v)}.
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FIGURE 98. Stereoscopic image of a Mobius band, a surface with only one side.

Now, for each 1 <7 < k suppose ¥; is orientable, and is given orientation n;. If the functions
ng,...,n; can be chosen so that they assign vectors to X that all issue from the same “side” of
>, then we say X is orientableE| One possible orientation is the function n : R' — R3 given by
n(u,v) = n;(u,v) if r(u,v) € %;.

Definition 16.47. Let F = (f, g,h) be a continuous vector field on an open region D C R3,
and let ¥ C D be a smooth oriented surface parameterized by r(u,v) = (x(u,v), y(u,v), z(u,v)),
(u,v) € R. The flux of F across X is

[|F-mds = [[ Fr(u,v)) - nu,v)][(re x ) (u,v)] d4,
by R
where n is either n as given in (16.40), or —n, depending on the chosen orientation of 3.

The integral given in Definition is often called simply a flux integral, with HE F -dS
being an alternative symbol so that

[[F-as= [[F nds=[[(For)-n|r, xr,[dA

by definition. The value of a flux integral is independent of the parametrization r chosen for >,
but will change in sign depending on whether the orientation n is chosen to be n or —n. If we
choose n = n, then by Definition [16.42

ﬂF ‘nds = HF(r(u, V) - R, 0)|[(Ty % ) (u, v)|| dA

(ry X 1ry)(u,v)
[(ry x 10)(u, )

Il
e I D D

F(r(u,v))- || [[(ru > 1) (u, 0)[| dA

F(r(u,v)) - (ry X ry)(u,v)dA

(For)-(r, xr,)dA (16.41)

A surface Y is closed if it encloses a bounded region D C R3, which is to say that for any
x € Int(D) and y ¢ D there exists no continuous path from x to y that does not pass through
3J; that is, if C is a continuous curve having x and y as endpoints, then C' N Y # &. Examples

5This definition is admittedly intuitive, not rigorous. But it will suffice for our purposes.
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of closed surfaces are ellipsoids (Figure and tori (Figure . Planes, cones, cylinders,
hemispheres and paraboloids are examples of surfaces that are not closed. Care should be taken
not to conflate the concept of a closed surface with that of a closed set. A plane, as a subset of
R3, is a closed set even though it is not a closed surface.

A closed surface ¥ is said to have positive orientation if it is orientated such that all unit
normal vectors point away from the region D bounded by . If all unit normal vectors point
toward D, then ¥ has a negative orientation.

Example 16.48. Let F(z,y, z) = (x,y, z), and let X be a tetrahedron with center at the origin,
face X; in the first octant given by z = 10 — 2z — 5y, and positive orientation. Find the flux of
F across the face ;.

Solution. To find a parametrization for ¥; we first find its xy-trace. This is a line segment in
the first quadrant of the xy-plane given by 0 = 10 — 2x — 5y, or equivalently y = —%x + 2, which
forms part of the boundary of a region R’ as shown in at left in Figure[99] This corresponds
most naturally to a region R in the uv-plane given by

R={(u,v):0<v< —-2u/5+2and 0 <u<5}
and shown at right in Figure [09] We parameterize ©; by
r(u,v) = (u,v,10 — 2u — 5v), (u,v) € R.
Now, r,(u,v) = (1,0, —2) and r,(u,v) = (0,1, —5), so that

ij k
(ta X 1) (w,0) = |1 0 —2|=(2,5,1).
01 -5

for all (u,v) € R. It can be seen that if the initial point of the vector (2,5, 1) is any point on
31, then it must be directed away from the region enclosed by the tetrahedron X, and so we
choose n = n as given in (16.40|). Thus, by ([16.41)), we obtain

ij ‘ndS = ij(r(u,v)) (ry X 1y)(u,v)dA
> R

= [ P, 0,10 = 20— 50) - (2,5,1) dA
R

5 p—2u/5+2
= / / (u,v,10 — 2u — 5v) - (2,5, 1) dvdu
o Jo

Y, v
2 7 2 1

R R

FIGURE 99.
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5 f—2u/5+2 5
= / / 10 dvdu = / (20 — 4u) du = 50
o Jo 0

as the flux of F across X;. [ |

In the next example we encounter a surface that is not closed, so that orientation must be
specified in some way other than with the “positive” and “negative” designations.

Example 16.49. Let F(x,vy,2) = (z,v, z), and let 3 be the cone 22 = 22 + 2, 0 < z < 1. Give
. the orientation for which n has a negative z-component at each point of ¥ where the cone is
orientable. Find the flux of F across .

Solution. We start by finding a suitable parametrization for . Since 2? = 22 + 2 for z > 0,

we have
z = /2% + 2

Thus if we let x = u and y = v, we arrive at the parametrization

r(u,v) = (u,v, Vu® +v?), (u,v) € R,

where
R={(u,v):0<u*+0*<1}

since 0 < z < 1 implies that 0 < vu? + 0% < 1.

Next, we need to find a suitable orientation for Y, which entails determining some function
n : R — R3 such that, for each (u,v) € R, the unit vector n(u,v) has a negative z-component.
(Recall that we consider n(u,v) to be located at the point r(u,v) on X.) From

and r,(u,v) = <0 1 L>

u
r,(u,v) = 1,0,—> ) 1y
)= (10 Ve

i k
Uu

(ruxry)(u,v)zlo\/ﬁ:<— v ,1>

v Vuz 402 Vu? 402
01

Vu? + v?
Our two choices of orientation for 3 are n, as given by (16.40), and —n. In order to have
negative z-components we choose n = —n; that is,

n(u,v) = —n(u,v) = (ry X 10)(u, 0) < Y Y _i>
’ 7 ”(ruxrv)(u v)|l \/2 (u? 4 v?) \/2(u2+v2)7 V2

Finally we evaluate the appropriate flux integral, substituting —n for n:

j F-ndS = _ﬂF hdS = _HF(M,U)) (u, v)|| (T X 1) (u, v)|| dA

we have

:—IJF u2+v2)-(ru><r,,)(u,v)dA
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FIGURE 100. Stereoscopic image of the Klein bottle immersed in R?.

= —JR;[ <u,v,\/m> ’ <_\/u2+vg’_\/u2+1)2’1> aA
=~ {[aa=o.
R

The flux of F across X is therefore 0. [ ]

We end this section with Figure [100] which depicts what is perhaps the second most famous
example of a nonorientable surface: the Klein bottle. In the figure it appears that the Klein
bottle intersects itself, but in fact this does not happen. The problem is that the true Klein
bottle inhabits R*, which we cannot visualize even with stereoscopy! What Figure really
shows is an “immersion” of the Klein bottle in three-dimensional space, which while not a wholly
accurate representation is still much better than no representation at all. The parametrization
for the surface as pictured is quite complicated:

r(u,v) = (x(u,v),y(u,v), z(u,v)), (u,v) € [0,7] x [0,27],

with
z(u,v) = —2(3cosv — 30sinu + 90 cos® usin u — 60 cos® usinu + 5 cos u cos vsinu) cosu
y(u,v) = = (3 cosv — 3cos” ucosv — 48 cos* u cos v + 48 cos® u cos v — 60 sin u

3 cosvsinu — 80 cos® u cos v sin u

+ 5 cosucosvsinu — 5 cos
+ 80 cos” u cos v sin u) sin u

z(u,v) = Z(3+ 5cosusinu)sinv
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16.8 — STOKES’ THEOREM

As with our definition of a smooth surface, the following definition for the notion of a
boundary of a surface will be sufficient to suit our immediate needs, but it is not the most
general definition.

Definition 16.50. Let ¥ C R"™ be a surface with parametrization r(u,v), (u,v) € R. If
R C R? is closed and r is one-to-one and continuous on R, then the boundary of ¥ is the set
0¥ =r(0R). That is,

0¥ = {r(u,v) : (u,v) € OR}.

Thus we see that 0% C X, which is to say the boundary of a surface 3 is taken to be part of
the surface.

The boundary of a surface should not be confused with the similar-sounding notion of a
bounded surface. A surface > C R™ is bounded if there exists some x € R™ and real number
r > 0 such that ¥ C B,(x). That is, a bounded surface is just a surface that is a bounded
set. A closed surface, defined in the previous section, can now be said to be a bounded surface
without boundary!

Consider a simple closed curve C' in the xy-plane. It forms the boundary of a connected and
simply-connected region R C R? that is a closed set. If we definer : R — R® by r(u,v) = (u, v, 0)
for all (u,v) € R, which is a continuous one-to-one function, then R is seen to be a bounded
smooth parameterized surface ¥ C R? with boundary

0 = {(u,v,0) : (u,v) € OR} = {(u,v,0) : (u,v) € C}.

From

r,(u,v) =(1,0,0) and r,(u,v)=(0,1,0)

we obtain an orientation for X::

. r, X r, k

n(u,v) Tt X Lol (u,v) Tk k. (16.42)
Suppose C' admits a smooth parametrization p(t), t € [a,b], and let T and N denote the unit
tangent vector and principal unit normal vector, respectively. The orientation for C' that is
consistent with the orientation for ¥ is the one for which (T x N)(¢) = k for all
t € |a,b]. This has the effect of keeping X to one’s left were one to walk “upright” (i.e. with the
top of one’s head pointed in the k direction) along the curve C' in the direction in which ¢ is
increasing.

More generally, if C'is a simple closed planar curve in R? with smooth parametrization p(t),
t € [a,b], and the surface ¥ is the planar region enclosed by C', then clearly ¥ is orientable with
orientation n that is a constant function. That is, n assigns the same unit vector at every point
x € X, which we may as well denote by n. The orientation for C' that is consistent with the
orientation n for ¥ is the one for which (T x N)(¢) = n for all ¢t € [a, b].

To further generalize, imagine that the oriented surface (3, n) is a rubber membrane, and
it is stretched to form a new surface ¥’ that has boundary C' (which remains unchanged). If,
during the deformation, the vectors n at each point on ¥ change location and direction in
continuous fashion so as to form an orientation n’ for ¥, then the orientation for C' (which
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remains unchanged) will be consistent with n’ just as it was consistent with n. From here we
could generalize one more time by giving up the condition that C' be a planar curve.

It is a fact that if C' is a piecewise-smooth simple closed oriented curve that forms the
boundary of an orientable surface ¥, then the orientation of C' is consistent with an orientation
n of ¥ if and only if —C' has orientation consistent with the orientation —n of X.

In what follows we take n to be either the orientation n or —n for any orientable surface X.
In the case when ¥ is piecewise-smooth n will necessarily be a piecewise-defined function as
discussed in the previous section.

Theorem 16.51 (Stokes’ Theorem). Let 3 C R? be a piecewise-smooth orientable surface
with piecewise-smooth simple closed boundary 0% parameterized by r. If the orientation for ¥ is
consistent with the orientation for 0%, and if F is a vector field that is continuously differentiable
on an open set containing X, then

ygEF-dr:g(vXF)-ds.

Green’s Theorem is a special case of Stoke’s Theorem in which X is a connected and simply
connected region R on the xy-plane such that R is a piecewise-smooth closed simple planar
curve. A general proof of Stokes’ Theorem is beyond our current capabilities, but a proof for
the case when ¥ is parameterized by a function r(u, v) defined on a rectangle in the uv-plane is
forthcoming.

Example 16.52. Let F(z,y, z) = (2y, —z, ), and let C be the circle 22 + y* = 9 in the plane
z = 0 with positive orientation. Evaluate the line integral 950 F - dr by evaluating the surface
integral in Stokes’ Theorem using an appropriate choice of surface 3.

Solution. Here C is the circle in the xy-plane centered at the origin with radius 3. Since C'
must have positive (i.e. counterclockwise) orientation, a parametrization for C' is

r(t) = 3(cost,sint,0), t € [0,2n].
A convenient choice for a surface X that has C as its boundary would be the planar region
enclosed by C', which is the circular disk in the zy-plane with radius 3. A parametrization for X

is
p(u,v) = (veosu,vsinu,0), (u,v) € R=10,27] x [0, 3].

Clearly ¥ is orientable (i.e. it has two identifiable “sides”). We have

i ik
(py X p,)(u,v) =|—vsinu vcosu 0= (0,0,—v)

Cos U sinu 0

for any (u,v) € Int(R) = (0,27) x (0,3), and so
0,0, —
f(u,v) = P Po_y ) = 0,0 —v) _ (0,0,—1) = —k.
lpu > o v

Thus 0 : Int(R) — R? is continuous on Int(R), and it has continuous extension to R by setting
n(u,v) = —k for all (u,v) € OR = C. Indeed, since n is a constant function equal to —k on all

R, we simply define n = —k.
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It must be determined which orientation n of X, n or —n, is consistent with the orientation
of C. That is, which orientation n of ¥ is such that (T x N)(¢) = n for all ¢ € [0, 27|, where T
and N are the unit tangent and principal unit normal vectors for C', respectively. We calculate

T(t) = r(t) = (—sint, cost,0)

and ()
N(t) = = (—cost, —sint,0),
1T (@)l
and so
i ik
(T x N)(t) = |—sint cost 0| =(0,0,1) =k.

—cost —sint 0
Since (T x N)(t) = k = —n, we give ¥ the orientation —n.
Next, we have
(VX F)(z,y,2)=(1,-1,-2)

Finally, substituting —n for n, we obtain

yﬁ Fodr = [[(VxF) nds

= — [ (V x B)(p(u,v)) - 5, 0) [ (p, % p,)(u,v)|| dA
R

=~ [[ (v x B)(p(u,v)) - (p, x p,)(u,v) dA
R

_ _Hu, ~1,-2)- (0,0, —v) dA

R
3 27

:—// 2ududv = —187
0 Jo

by Stokes’ Theorem and Definition [16.47] [ |

Example 16.53. Let F(x,y, 2) = (y?, —2%, ), and let C be the circle
r(t) = (3cost,4cost,5sint), t € [0,2n].

Evaluate the line integral 550 F - dr by evaluating the surface integral in Stokes’ Theorem using
an appropriate choice of surface X.

Solution. Opposite points on the circle are x = r(t) and y = r(¢t + 7) for any 0 < ¢ < 7, and
the midpoint of the segment [x,y] is 5(x +y) = 0 while the length is [x —y| = 10. Thus C'is a
circle centered at the origin with radius 5, and a convenient choice for ¥ would be simply the
planar region enclosed by C, as shown in Figure One parametrization for ¥ is

p(u,v) = (Bvcosu,4vcosu, businu), (u,v) € [0,2n] x [0, 1].

Note the origin is obtained when v = 0, C' is obtained when v = 1, and concentric circles inside
C are obtained for 0 < v < 1. The parameter u simply stands for .
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F1GURE 101. The planar region > with boundary the circle C'.

It is clear that X is orientable. Let R = [0,2x] x [0,1]. Then Int(R) = (0,27) x (0,1), and
for any (u,v) € Int(R) we have

i i k
(py X p,)(u,v) = |=3vsinu —4vsinu bvcosu| = (—20v, 150, 0),
3cosu 4cosu  Ssinu
and so
—20v,15v,0 43
f(u,v) = PPy ) = (=200,150,0) _ <__7 _70> ‘
[P % Pyl 250 55

Thus 1 : Int(R) — R? is continuous on Int(R), and it has continuous extension to R simply by
setting n(u,v) = (—4/5,3/5,0) for all (u,v) € OR.

It must be determined which orientation, n or —n, is consistent with the orientation of C.
The unit tangent and principal unit normal vectors for C' are

"t 1
T(t) r(t) —(—3sint, —4sint,5cost)

IO
and n
T'(t 1
N(t) = = —(—3cost, —4cost, —5sint).
@l 5
Now,
i j K
3 4 4 3
(T x N)(t) = | —5sint —¢sint cost | = g,—g,o ,
3cost —2cost —sint

5 5
which we see agrees with —n(u,v) for all (u,v) € R, and so we give X the orientation —n.
Next, F = (f, g, h) with

f(xayaz) = y27 g(xaya Z) = _227 h(ﬂ?,y,Z) =z,

and so from (|16.33]) we have
(V X F)(Q?, Y, Z) = <2Z7 _17 _2y>
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FIGURE 102. The vector field F restricted to X.

Finally by Stokes” Theorem, substituting —n for n, we obtain

yﬁ F.dr = [[(VxF) ads

=~ [[ (v x B)(p(u, v)) - 0w, v) | (p, x p,)(u, )] dA
R

= — ff [(V x F)(3vcosu, 4v cosu, 5usinu) - (2, —2,0)](250) dA
R

57 5

= —jf25v<101)sinu,—1,—8@cosu>- 4 3 O> dA
R

1 27 1
= / / (150 4 2000 sin u) dudv = / 307mv dv = 15,
0 0 0

where Definition is used for the second equality. In Figure [102]it can be seen how the
positive answer 1571 makes sense: the vectors generated by F are consistent with the orientation
of C' throughout the region . |
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16.9 — DIVERGENCE THEOREM

The final theorem that we will work with is the Divergence Theorem, which is also sometimes
called Gauss’ Theorem. In the last couple sections we have come up against the limitations
of our analytical machinery as never before, especially in relation to concepts such as smooth
surfaces and surface orientation. As a result we have had to rely increasingly on intuition and
less on precision and rigor, which is a sure indicator that an entirely new and more sophisticated
approach much be taken to soar to greater heights in the calculus-based branches of mathematics.
Such an approach will be embarked upon in the sequel to this text on the subject of mathematical
analysis.

Theorem 16.54 (Divergence Theorem). Let D C R3 be a connected and simply connected
region such that 0D is a piecewise-smooth closed orientable surface. If D has positive orientation
and F is a vector field that is continuously differentiable on an open set containing D, then

(pr-as=|[[[v - Fav. (16.43)
oD D

The integral at left in (16.43]) is just another symbol for the flux of the vector field F across
the surface D as given by Definition [16.47} that is,

Flux of F across 9D = JIF -ndS = @F - dS.
aD aD

The symbol ¢} is used to represent a surface integral over a surface ¥ that is closed, which again
is any surface that fully encloses a region in the space R?. It is never wrong to replace §f with
JI, and many texts never use the symbol.

Since the closed surface D in the Divergence Theorem has the positive orientation, the

integral at left in (16.43|) gives specifically the net outward flux of F across 0D; that is,
Net outward flux of F across 0D = fff V- -FdV,
D

and so
Net inward flux of F across 0D = — ff V- -FdV.
D

The following example shows some of the utility of the Divergence Theorem.

Example 16.55. Use the Divergence Theorem to find the net outward flux of the field
F(z,y,2) = (22 — y,x, —2xz)
across the sphere of radius 1 centered at the origin.

Solution. Let D = B;(0), which is the solid ball with radius 1 and center at the origin. Clearly
D is connected and simply connected. The boundary of D is

OD = {x e R?: |x|| = 1},
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which is the sphere with radius 1 and center at the origin. Thus 0D is a smooth, closed, and
orientable surface. The field F has scalar components

f(x7y72>:22_y7 g([E,y,Z):CL’, h(I,y,Z):—QC(;,

which have continuous first partials on R3. Finally, to find the “outward” flux of F across the
sphere means to give the sphere the positive orientation n = n. With all of the hypotheses of
the Divergence Theorem being satisfied, we calculate

(V-F)(z,y,2) = 0,(22 —y) + 0y(x) + 0.(—2x) = 0,

QF'CZS:gjv'”‘/:fﬂw)dvzo,

That is, the net outward flux is zero, a result far more easily obtained using the Divergence
Theorem than it would have been using Definition [16.47] |

and finally

Example 16.56. Use the Divergence Theorem to find the net outward flux of the field
F(z,y,2) = (3y°2°, 92%y2*, —day?)

across the surface ¥ that is the cube with vertices (1, £1,+1).

Solution. Let D = [—1,1] x [—1,1] x [—1, 1], which is a solid box with vertices at (£1,+1,£1);
that is,
D=A(z,y,2z): —1<zx<1 -1<y<1 -1<z<1}

Clearly D is connected and simply connected, and 0D = ¥ is a piecewise-smooth, closed, and
orientable surface. The field F has scalar components

f(z,y,2) =3y%2%,  g(x,y,2) = 92°yz*,  h(x,y,z) = —dxy’,

which have continuous first partials on R?. Finally, to find the “outward” flux of F across
the cube means to give the cube the positive orientation n = n. All of the hypotheses of the
Divergence Theorem are satisfied, so we calculate

(V-F)(z,9,2) = 0:(3y°2") + 9,(92%yz?) + 0.(—4xy?) = 92722,

and then obtain

@F dS = fﬂv FdV = fﬂ 922224V = /1 /1 /1 9022 drdydz = 8.
S D D -1J/-14-1

That is, the net outward flux is 8. To derive this result using Definition [16.47] would have
required evaluating a separate surface integral for each of the six faces of the cubel! |

Suppose that R, and Ry are connected and simply connected compact sets in the uv-plane
such that R{ N Ry = @, and let r : R; U Ry — R3 be a one-to-one function that is piecewise-
smooth in the sense of Definition [16.40)2); that is, r is smooth on R; and also smooth on R».
Thus, ¥; = r(R;) and Xy = r(Ry) are smooth surfaces in R3. Suppose that ¥, Ny = @. (In
fact, this necessarily follows from the assumption that r is one-to-one and continuous on the
disjoint closed sets Ry and Ry.) Then ¥ U 3, is a piecewise-smooth surface consisting of two
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F1GURE 103. The surface ¥ = »; U X5, with the region D enclosed between ¥,
and X,.

components. Assuming F and n satisfy the conditions of Definition [16.47], we apply Proposition
to obtain

jf F-ndS = jf (For) - n|r, xr,| dA

31U R1UR>

= [J(Por) mle, < rfldA+ [[(For) njr, x v, dA

R Ry
_ ﬂp.ndg_;_ﬂF-ndS.
1 P



