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1. REVIEW OF SETS AND FUNCTIONS

It is assumed that the reader is familiar with the most basic set constructions and
functions and knows the natural numbers, integers and rational numbers

N={0,1,2,...}
7 ={0,+1,%+2,...}
Q:{ﬁ:mEZ, neNT}
n
respectively as well as the real numbers R, though we will carefully review the least upper

bound property of R in Section 2. Let N* = N\ {0} denote the positive integers.

Familiarity with matrices M, (R) and M,, ,(R) is also assumed. The complex numbers
C will also appear in these course notes.



1.1. Unions, intersections, complements, and products.

Definition 1.1. Given sets X,Y C S, the union and intersection of X and Y are
XUuY={zeS:zeXorzeY}CS
XNY={zeS:zeXandzeY} C¥,

respectively.
The complement of X, denoted X, is the set
X={zrecS:r¢ X}

The relative complement of X in Y is

Y\X=YNX={r€S:2¢€Y and z ¢ X}.

In particular, X = S\ X. q
Definition 1.2. Let X and Y be sets. The Cartesian product of X and Y is the set
XxY=A{(r,y):ze€X, yeY}.

Example 1.3. The set R? = R x R is known as the Cartesian plane.

The set R? is the 3-dimensional Euclidean space of third semester Calculus. A

Definition 1.4. Given a set 5, let P(S) denote the power set of S, the set of all subsets
of S. 4

Example 1.5. Let S ={0,1}. Then,
P(S) ={0,{0},{1},{0,1}}.
As we shall see later, P(N) is a large set. A

Definition 1.6. Let S be a given set. The union and intersection of the collection
F C P(S) are

UaerA ={z € S : thereis a A € F such that x € A}
NacrA={x € S:z e Aforevery A e F}.

respectively. <

For example, let F = {A C N:0 € A}. In this case,
Naer = {0}

and
Uaer =N,

Do Problem 1.1.
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1.2. Functions.

Definition 1.7. A function f is a triple (f, A, B) where A and B are sets and f is a rule
which assigns to each a € A a unique b = f(a) in B. We write

f:A— B.

i) The set A is the domain of f.

ii) The set B is the codomain of f

(iii) The range of f, sometimes denoted rg(f), is the set {f(a) : a € A}.

(iv) The function f : A — B is one-one if x,y € A and = # y implies f(x) # f(y).

v) The function f : A — B is onto if for each b € B there exists an a € A such that

b= f(a); ie., if rg(f) = B.
(vi) A function which is both one-one and onto is called a bijection.
(vii) The graph of f is the set

graph(f) = {(a, f(a)) :a € A} C A x B.

(viii) If f: A — B and Y C B, the inverse image of Y under f is the set
fF'Y)={xc A: f(x) €Y}.

(ix) If f: A— Band C C A, the set

f(C)={f(c):ceC}
={b € B : there is an ¢ € C such that b = f(c)}

is the image of C' under f. Note, rg(f) = f(A).
(x) The identity function on a set A is the function ids : A — A with rule ida(z) = .

d

Example 1.8. Often one sees functions specified by giving the rule only, leaving the
domain implicitly understood (and the codomain unspecified), a practice to be avoided.
For example, given f(x) = 22 it is left to the reader to guess that the domain is the set of
real numbers. But it could also be C or even M, (C), the n x n matrices with entries from
C. If the domain is taken to be R, then R is a reasonable choice of codomain. However,
the range of f is [0,00) (a fact which will be carefully proved later) and so the codomain
could be any set containing [0, 00). The moral is that it is important to specify both the
domain and codomain as well as the rule when defining a function. A

Example 1.9. Define f: R — R by f(x) = z*. Note that f is neither one-one nor onto.

As an illustrations of the notion of inverse image, f~'((4,00)) = (—00,2) U (2, 00) and
fH(=2,-1)) = 0. A
Example 1.10. The function g : R — [0, c0) defined by g(x) = z? is not one-one, but it
is, as we’ll see in Subsection 2.2, onto.

The function h : [0,00) — [0,00) is both one-one and onto. Note h™'((4,00)) =
(2,00). A



Do Exercise 1.1 and Problem 1.2.

Remark 1.11. Given a set S, an (index) set I and a function o : I — P(95), let A; = (7).
Let F denote the range of . In this context, the union and intersection over F are written,

UieIAi = UAeJ-‘A
and

miGIAi = ﬂAe]—‘A
respectively. See Exercise 1.3.

Finally, in the case that the index set is N or Z, it is customary to write,

and
UNGZAn — UZO:_OOATL'

o
Definition 1.12. Given sets A, B and X,Y and functions f : A - X and g : B — Y,
define f x g: Ax B— X XY by f xg(a,b) = (f(a),g(b)). q
Example 1.13. If f : N — N is defined by f(n) = 2n and g : Z — N is defined by
g(m) =3m? then f x g: N x Z — N x N is given by f x g(n,m) = (2n, 3m?). A
Definition 1.14. Given f: A — B and C' C A, the restriction of f to C' is the function
flo : C — B defined by f|o(z) = f(x) for z € C. q
Definition 1.15. Given f : X — Y and g : Y — Z the composition of g and f is the
function go f : X — Z with rule g o f(z) = g(f(2)). <

Proposition 1.16. Suppose (X and Y are nonempty and) f: X — Y.

(1) There exists a function g : Y — X such that f o g =idy if and only if f is onto;

(2) There exists a function g : Y — X such that go f = idy if and only if f is one-one;

(3) There exists a function g : Y — X such that fog =1idy and go f = idx if and
only if f is one-one and onto;

(4) There exists at most one function g : Y — X such that fog = idy and go f = idx.

t

Proof. In each of items (i), (ii) and (iii) the existence of ¢ is easily seen to imply the
conclusion on f. Now suppose that f is onto. For y € Y the set S, = f~1(Y) is
nonempty. For each y choose z,, € S, (using the axiom of choice). In this way we obtain
a function ¢ : Y — X defined by g(y) = =, satisfying f o g = idy. Now suppose f is
one-one. Fix a € X. Define g : Y — X as follows: given y € Y, if there is an x € X such
that f(x) =y, then, as f is one-one, there is only one such z. In this case, let g(y) = .
Otherwise define ¢g(y) = a.

By items (i) and (ii), if there exists a g such that g o f = idx and f o g = idy, then
f is one-one and onto. Now suppose that f is one-one and onto. By what has already



8

been proved, there exist functions g, h : Y — X such that fog =1idy and ho f = idx.
It follows that

g=hofog=h
proving both (iii) and (iv). O
Definition 1.17. A function f : X — Y is invertible if there is a function g 1 Y — X
such that

go f=idx
[ og=idy.
We call g the inverse of f, written g = f~1. q

Remark 1.18. If f : X — Y is invertible, and B C Y, then f~!(B) could refer to either
the inverse image of B under f, or the image of B under the function f~!. Happily, these
two sets are the same. o

Example 1.19. The function £ : [0, 00) — [0,00) given by h(z) = 22 of Example 1.10 is
one-one and onto (as we will see later in Proposition 2.13) and thus has an inverse. Of
course this inverse ! : [0,00) — [0,00) is commonly denoted as |/ 80 that hl(x) =

Jz. A

1.3. finite and countable sets.

Definition 1.20. Two sets A and B are equivalent, denoted A ~ B if there is a one-one
onto function f: A — B. q

Observe that ~ is behaves like an equivalence relation; i.e., A ~ A; if A ~ B, then

B ~ A; and finally if A~ B and B ~ C, then A ~ C.

Given a positive integer n, let J,, denote the set {1,2,...,n}. To show that J, is not
equivalent to N note, if f : J, — N, then f(j) < >_;_, f(¢) for each j € .J,, and so f is
not onto.

Definition 1.21. Let A be a set.

(i) A is finite if it is either empty or there is an n € N such that A ~ J,;
(ii) A is infinite if it is not finite;

(iii) A is countable if A ~ N;

(iv) A is at most countable if A is either finite or countable; and
(v) A is uncountable if it is not at most countable.

Remark 1.22. Note, by the comments preceding the definition, that N is infinite. o

Proposition 1.23. A set A is at most countable if and only if there exists a one-one
mapping f: A — N.

Likewise A is at most countable if and only if there exists an onto mapping g : N —

A t
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You may wish to compare Proposition 1.23 with the Cantor—Schroeder—Bernstein Theo-
rem (which is also goes by the names Schroeder—Bernstein Theorem and Cantor—Bernstein
Theorem). See also Problem 1.3. Note that the proposition implies that a subset of an
at most countable set is at most countable.

Sketch of proof. We may assume A is not finite. Let B = f(A) C N. Since f is one-one,
A and B C N are equivalent. Hence, it suffices to prove if B C N is infinite, then B ~ N.
To this end, note that since B is a nonempty subset of N it has a smallest element, n,.
Recursively define, for k£ € NT,

ng = min(B \ {ng,...,nk_1}),

where the assumption that B is not finite is used so that the minimum is taken over a
nonempty subset of N. By construction the mapping h : N — B defined by h(k) = ny is
one-one. On the other hand, since n; > k, given m € B the set {j : n; > m} is nonempty.
Its smallest element & satisfies n, = m. Hence h is onto and B ~ N.

If g : N — Aisonto, then, by Problem 1.3 (which is a simple consequence of Proposition
1.16), there is a one-one mapping f : A — N and from what is already proved A ~ N. O

Proposition 1.24. The sets Z, N x N, and Q are all at most countable. ]

Proof. Verify that f : N — Z by f(2m) = m and f(2m + 1) = —m — 1 is one-one and
onto.

To prove N ~ N x N first note that the function F': N x N — N defined by
F(m,n) =2"3™
is one-one, a fact which follows from prime factorization (the Fundamental Theorem of

Arithmetic). Hence, by Proposition 1.23; N x N is at most countable.

Since Nx N is at most countable, there exists an onto map ¢ : N — NxN. Consequently
the composition (f X idy) og : N — Z x N is onto. Thus, using Problem 1.3 and
Proposition 1.23, to prove that Q is at most countable, it suffices to exhibit an onto
mapping h : Z x N — Q, since then h o (f X idy) o g maps N onto Q. Define h by
h(m,n) = 2. O
Remark 1.25. It is easy to see that N and N x N are not finite. Hence both are countable.

An alternative argument that N x N is equivalent to N is to view the set N x N as an
array {(m,n) : m,n € N} and define f : N — N x N by f(0) = (0,0), f(1) = (1,0),
f(2)=1(0,1), f(3) = (2,0) etc. It is easy to believe, but a bit painful to write a formula
for f and check it is one-one and onto. o

Do Problems 1.4 and 1.6
Proposition 1.26. The set P(N) is not countable. T

The proof is accomplished using Cantor’s diagonalization argument.
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Proof. 1t suffices to prove, if f: N — P(N), then f is not onto.

Given such an f, let
B={neN:n¢ f(n)}.
We claim that B is not in the range of f. Arguing by contradiction, suppose m € N and
f(m)=B. If m ¢ B, then m € f(m) = B a contradiction. On the other hand, if m € B,
then m ¢ f(m) = B, also a contradiction. O

Do Problem 1.7.

1.4. Worked Examples.

Sample Problem 1.1. Suppose f: X — S and D C S. Show, f(f~}(D)) C D and give
an example where strict inclusion holds.

Solution. Let y € f(f~'(D)) be given. By definition of image of a set under a function,
there exists an x € f~1(D) such that y = f(x). By definition of inverse image, z € f~1(D)
means f(x) € D. Thus y € D and the desired inclusion has been established.

To give an example where f(f~'(D)) # D (strict inclusion holds), let X = {0}, S =
{0,1}, define f : X — S by f(0) = 0 and finally let D = S. In this case f(f~'(D)) =

f({03) = {0} # D.
Sample Problem 1.2. Suppose f: X — Y and F C P(X). Show,

f(UaerA) = Uaer f(A).
Solution. A point y is in f(UacrA) if and only if there is an z € UgecrA such that
y = f(z) if and only if there is B € F such that x € B and y = f(x) if and only if there
exists a B € F such that y € f(B) if and only if y € Uacrf(A).
1.5. Exercises.

Exercise 1.1. Define f : R — R? by
F(2) = (cos(z), sin(z).

Let
D= {(v,y) e R*: 2° + 4 < 1}
and
S={(z,y) eR*: 2* + (y — 1) < 1}.
Identify

(i) f7HS);
(i) f~'(D); and
(iif) fTHf((=5.5)))-

Exercise 1.2. Consider the function h = f x g of Example 1.13 and let 6N denote the
set {6k : k € N}. Find the inverse image of the set {(j, k) : j € {2,3,4}, k € 6N}. Find
the inverse image of the set {(j,k) : j € {0,1,2}, k is odd}.



11
Exercise 1.3. Consider the sets A, = {m € N:m >n} C N for n € N. Determine,

U’VLENAH and mneN A’I’L

1.6. Problems.
Problem 1.1. Suppose S is a set and () = F C P(S). Show

UacrA = NacrA.
Problem 1.2. Suppose f: X — S and F C P(S). Show,
N UacrA) = Uacr f7H(A)
f_l(ﬂAe]-‘/D =Naer f_l(A)
Show, if A, B C X, then f(ANB) C f(A)N f(B). Give an example, if possible, where
strict inclusion holds.

Show, if C C X, then f~!(f(C)) D C. Give an example, if possible, where strict
inclusion holds.

Problem 1.3. Let A be a nonempty set. Prove there exists an onto mapping f: N — A
if and only if there is a one-one mapping g : A — N.

Problem 1.4. Prove that an at most countable union of at most countable sets is at
most countable; i.e., if S is a set, a : N = P(5) is a function such that each A; = «a(j) is
at most countable, then
T = U;).;()A] = UjGNAj

is at most countable.

Suggestion: For each j there is a function g; : N — A;. Define a function /' : NxN — T’
by F(j, k) = g;(k). Proceed.
Problem 1.5. Use induction to show, for n € N, that P(J,) ~ Jon.

Problem 1.6. Show that the collection F C P(N*) of finite subsets of N is an at most
countable set.

Problem 1.7. Suppose A is a non-empty set. Show there does not exist an onto mapping
f:A— P(A); ie., show A« P(A).

Problem 1.8. Let A be a given nonempty set. Show, 24 = {f : A — {0, 1}} is equivalent
to P(A).

2. THE REAL NUMBERS

We will take the view that we know what the real numbers are and we will simply
review some important properties in this section.

Example 2.1. The square root of 2 is not rational; i.e., there is no rational number s > 0
such that s? = 2. A
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2.1. The least upper bound property.
Definition 2.2. Let S be a subset of R.

(i) The set S is bounded above if there is a b € R such that b > s for all s € S.
(ii) Any b € R such that b > s for all s € S is an upper bound for S.

<

Example 2.3. Informally identify the set of upper bounds for the the subsets of R in
items (i), (ii) and (iv).

For Q, the natural guess is that there are no upper bounds, but the justification for this
assertion needs to wait for Theorem 2.10. (See Remark 2.11.) A

Lemma 2.4. Let S be a subset of R and suppose both b and &’ are upper bounds for S.
If b and o’ both have the property that if ¢ € R is an upper bound for S, then ¢ > b and
c>0U,then b=1"0. T

Definition 2.5. The least upper bound of a subset S of R, if it exists, is a b € R such
that

(i) b is an upper bound for S; and
(ii) if ¢ € R is an upper bound for S, then ¢ > b.

<

Remark 2.6. Lemma 2.4 justifies the use of the (as opposed to an) in describing the
least upper bound.

The condition (ii) can be replaced with either of the following conditions

(i)’ if ¢ < b, then there exists an s € S such that ¢ < s; or
(ii)” for each € > 0 there is an s € S such that b — e < s.

The notions of bounded below, lower bound and greatest lower bound are defined analo-
gously. A set S C R is bounded if it bounded both above and below.

Least upper bound is often abbreviated lub. The term supremum, often abbreviated
sup, is synonymous with lub. Likewise glb and inf for greatest lower bound and infimum.
o

Example 2.7. Here is a list of examples.

(i) The least upper bound of S =[0,1) C R is 1.
(ii) The least upper bound of V' =[0,1] C R is also 1.
(iii) The set @ C R has no upper bound (see the comment in Example 2.3) and thus no
least upper bound;



13

(iv) Every real number is an upper bound for the set ) C R. Thus @) has no least upper
bound.

(v) Let S={r €Q:0<z, z*<2}CR. Since 1€ S, the set S is nonempty. It is
easily seen that S is bounded above by 2.

A

Theorem 2.8. Every nonempty subset of R which is bounded above has a least upper
bound.

In fact more is true as you likely learned in a previous course. Namely, that R is
the unique, up to ordered field isomorphism, ordered field with the property that every
nonempty subset which is bounded above has a least upper bound.

Remark 2.9. Returning to Example 2.7(v), Theorem 2.8 implies S has a least upper
bound s and 2 > s > 1 > 0. Tt takes effort to show s?> = 2 and hence s is the (positive)
square root of 2. A more general result is stated and proved as Proposition 2.13. o

Do Exercise 2.3 and Problem 2.1.

2.2. Archimedean properties and square roots.

Theorem 2.10. [Archimedean properties] Suppose z,y € R.

(i) There is a natural number n so that n > .
(ii) If 1 < — y, then there is an integer m so that y < m < z.
(iii) If y < x, then there is a ¢ € Q such that y < ¢ < =.

Remark 2.11. The last part of the theorem is sometimes expressed as saying Q is dense
in R.

Item (i) can be restated as N is not bounded above. Since N C Q, it follows that Q
is not bounded above, justifying the claim made in Example 2.3(iii). Likewise, R is not
bounded below, thus justifying the claim in Example 2.7(iv). o

Proof. We prove (i) by arguing by contradiction. Accordingly, suppose no such natural
number exists. In that case x is an upper bound for N. It follows that N has a lub «a. If
n € N, thenn+1 € N. Hence n+1 < o and thus n < a— 1 for all n € N. Consequently,
a — 1 is an upper bound for N, contradicting the least property of a. Hence N is not
bounded above and there is an n > x, which proves item (i).

To prove (ii), it suffices to assume that = > 0 (why). By (i), the set {k e N: k >z} is
nonempty and does not contain 0. It has a least element £k > 0. Thusz —1<k—-1<zx
and since z —y > 1, it follows that y < k — 1 < .

Item (iii) is Problem 2.2. As a suggestion, note that, by item (i), there is a positive
integer n so that n(x —y) > 1. Proceed. O
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Example 2.12. Suppose 0 < a < 1. Show the set A = {a" : n € N} is bounded below
and its infimum is 0.

Since a > 0 each @™ > 0. Thus A is bounded below by 0. The set A is not empty.
It follows that A has an infimum. Let o = inf(A) and note a > 0. Since a < a™ for
n=20,1,2,..., it follows that o < a"*! for n € N and therefore 2 < a" for n € N. Thus,
2 is a lower bound for A. Hence 2 <a. Since a < 1 and a > 0, a = 0. AN

Do Exercise 2.4 and Problems 2.3, 2.4, 2.5,

Proposition 2.13. If y > 0 and n € NT, then there is a unique nonnegative real number
s such that s™ = y. In particular, the function f : [0,00) — [0, 00) defined by f(x) = 2"
is (one-one and) onto. T

Of course, s = y% is the notation for this n-th root.

Proof outline. The uniqueness is straightforward based upon the fact that if 0 < a < b,
then a™ < b™. It should not come as a shock that existence depends upon the existence
of least upper bounds, Theorem 2.8.

Let

S={reR:0<xanda" <y}
Show S is non-empty and bounded above. Hence S has a least upper bound, say s.
Show, if 0 <t and y < t", then ¢ is an upper bound for S.

Show if 0 < ¢ and y < t", then there is a v such that 0 < v < ¢ such that y < v™.
Hence, v < t and v is an upper bound for S. In particular, ¢ does not satisfy the least
property of least upper bound. Thus, s < y.

Finally, show if 0 < t and t" < y, then there exists a v such that 0 < ¢ < v such that
v™ < y. Hence, t is not an upper bound for S. Thus s” > y. Hence s" = y. OJ

Remark 2.14. Since f : [0,00) — [0,00) defined by f(z) = 2™ is both one-one and onto
it has an inverse, f~! : [0,00) — [0,00). This inverse is called the square root function
and is commonly denoted by g/ or zw. In particular, f “z) = T

Later, after more machinery is developed, a simpler proof will be given. It is convenient
though to have existence of roots in the meantime. It is also good to emphasize again
here that the existence of roots, say v/2, depends on the existence of least upper bounds,
and it is this property which distinguishes R from Q. o
2.3. Exercises.

Exercise 2.1. Find the glb and lub of the set {Z : n € N*}.
Exercise 2.2. Find the glb and lub of the set Q N (0, 1).

Exercise 2.3. Let A be a nonempty set of real numbers which is bounded both above
and below. Prove, sup(A) > inf(A).
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Exercise 2.4. Prove, if A C B are subsets of R and A is nonempty and B is bounded
above, then A and B have least upper bounds and

sup(A) < sup(B).

2.4. Worked Example.

Sample Problem 2.1. Suppose A and B are nonempty subsets of R which are bounded
above. Prove AU B has a least upper bound and further

sup(A U B) = max{sup(A), sup(B)}.
Solution. Note that the hypotheses imply A and B have least upper bounds. For nota-
tional convenience, let o = max{sup(A),sup(B)}.

Since A and B are nonempty, A U B is nonempty. Given x € AU B, either z € A and
hence x < sup(A) < o or x € B and hence z < sup(B) < a. In either case, * < o and
thus « is an upper bound for AU B. It follows now that AU B is nonempty and bounded
above and hence has a least upper bound . Further, 8 < «, since « is an upper bound
for AU B.

On the other hand, since A C AU B, Exercise 2.4 implies sup(A) < §. By symmetry
sup(B) < f. Thus a < .
2.5. Problems.

Problem 2.1. Let A be a nonempty set of real numbers which is bounded above. Let
—A={-a:a€ A} ={r €R: -z € A}. Show —A is bounded below and —inf(—A) =
sup(A).

Problem 2.2. Prove item (iii) of Theorem 2.10.
Problem 2.3. Suppose A C R is nonempty and bounded above and g € R. Let
A+p={a+pB:ac A}
Prove that A + 8 has a supremum and
sup(A + ) = sup(A) + 5.
Problem 2.4. Suppose A C [0,00) C R is nonempty and bounded above and 8 > 0. Let
BA={af:ac A}.
Prove A is nonempty and bounded above and thus has a supremum and
sup(84) = Bsup(A).
Problem 2.5. Suppose A, B C [0, 00) are nonempty and bounded above. Let
AB={ab:a€ A, be B}.
Prove that AB is nonempty and bounded above and
sup(AB) = sup(A) sup(B).
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Here is an outline of a proof. The hypotheses on A and B imply that a = sup(A) and
B = sup(B) both exist. Argue that AB is nonempty and bounded above by af and thus

sup(AB) < af.

Fix a € A. From an earlier exercise,
sup(aB) = asup(B) = ap.
On the other hand, aB C AB and thus,
af < sup(AB)
for each a € A. It follows that A is bounded above by sup(AB) and thus,
af = sup(BA) < sup(AB).
Problem 2.6. Suppose A, B C R are nonempty and bounded above. Let
A+B={a+b:ac A, be B}.
Show A + B has a supremum and moreover,
sup(A + B) = sup(A) + sup(B).

Problem 2.7. Suppose X,Y are nonempty subsets of R and = < y for each z € X and
y € Y. Prove that X has a supremum and Y an infimum and sup(X) < sup(Y).

Problem 2.8. Given a positive real number y and positive integers m and n, show

1

(ym)" = (™).
Likewise verify

(y™)" = (y")" and (ym)= = (y=).
Thus, y= is unambiguously defined.
Problem 2.9. Suppose f : [a,b] — [, 8] and ¢ : [, 5] = R. Let h = ¢ o f. Show, if
there is a C' > 0 such that

o(s) — @) < Cls — 1]
for all s,t € [a, (], then
sup{h(z) :a <z < b}—inf{h(z):a <z < b}
<C[sup{f(z):a <z <b} —inf{f(z) :a <x <b}].

Problem 2.10. Suppose f : [0,1] — R is increasing (meaning, if 0 < 2z < y < 1, then

f(z) < f(y)). Prove
o —inf{t € 0,1): £(1) < )

exists and f(a) = a. (Thus « is a fixed point of f. For a further challenge, show « is the
smallest fixed point of f.)
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3. METRIC SPACES

3.1. Definitions and Examples.

Definition 3.1. A metric space (X, d) consists of a set X and function d : X x X — R
such that, for x,y,z € X,

(i) d(z,y) > 0;

(i) d(z,y) = 0 if and only if z = y;
(iii) d(x,y) = d(y,x); and
(iv) d(z, 2) < d(x,y) + d(y, z).

We usually call the metric space X, and d the metric, or distance function. Thus, a
distance function or metric on a set X is a function d : X x X — R satisfying the axioms
above. Item (iv) is the triangle inequality. Items (i) and (ii) together are sometimes
expressed by saying d is positive definite. Evidently (iii) is a symmetry axiom. <

Example 3.2. Here are some examples of metric spaces.

(i) Unless otherwise noted, R is the metric space with the distance function d(z,y) =
[z —yl.
(ii) Let X be any nonempty set and define d(z,y) = 0if x = y and d(z,y) = 1 if x # y.
This function is the discrete metric.
(iii) On the vector space R™ the ¢*-metric is defined by

di(z,y) = |aj —yl.
(iv) On R™, define do, by
doo(,y) = max{lz; — g5] : 1< j < n}.

This metric is the ¢> metric (or worst case metric). In particular (R",d;) and
(R™, dy ) are different metric spaces.
(v) Define, on the space of polynomials P, the metric

1
m@ﬂ>=/Wp—ﬂﬁ.
0

(vi) If (X, d) is a metric space and Y C X, then (Y, d|y«y) is a metric space and is called
a subspace of X.

A

Do Problem 3.1.
Proposition 3.3. Let (X, d) be a metric space.

If p,g,7 € X, then
|d(p,7) —d(g,7)| < d(p,q).

If p1,...,p, € X, then

—_

n—

d(p1,pn) <Y d(p;,pjt1)-
1

<.
Il
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t

3.2. Normed vector spaces. Recall that R™ is the vector space of n-tuples of real
numbers. Thus an element x € R™ has the form,

x

Tn
Vectors - elements of R” - are added and multiplied by scalars (elements of R) entrywise.

The set of polynomials P (in one variable with real coefficients) is a vector space under
the usual operations of addition and scalar multiplication.

Definition 3.4. A norm on a vector space V over R is a function ||-|| : V' — R satisfying

(i) ||z|| > 0 for all z € V;

(ii) ||z|| = 0 if and only if x = 0;
(ili) [[cz|| = || ||z|| for all ¢ € R and xz € V; and
(iv) [l +yll < llz[l + [lyl| for all z,y € V..

The last condition is known as the triangle inequality. <

Example 3.5. The functions || - ||; and || - ||« mapping R™ to R defined by

n
[EEDINEA
j=1

and
[#]]oc = max{lz,| : 1 <7 <n}
respectively are norms on R”. A
Proposition 3.6. If || - || is a norm on a vector space V', then the function
is a metric on V. T

Proof. With the exception of the triangle inequality, it is evident that d satisfies the
axioms of a metric.

To prove that d satisfies the triangle inequality, let x,y,z € V be given and estimate,
using the triangle inequality for the norm,

d(z,z) =|lz — 2|
=z —y)+(y— 2|
<llz =yl + lly — =]
=d(z,y) + d(y, 2).
(]

Remark 3.7. In the case (V|| -||) is a normed vector space the default is to view V" also
as a metric space with the metric coming from the norm. o
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Definition 3.8. Let V' be a vector space over R. A function (-,-) : V. xV — R is an
inner product (or scalar product ) on V if,

x,xy >0 for all z € V;
= 0 if and only if x = 0;
x,y) = (y,z) for all x,y € V;

(iv) (cx +y,2) = c(z, 2) + (y, 2).
q
Example 3.9. On R", the pairing,
(z,y) = Z LiYj
j=1
is an inner product. In the case of n = 2,3 it is often called the dot product.
On P, the space of polynomials, the pairing
1
(p.q) = / pqdt
0
is an inner product.
A

Proposition 3.10. [Cauchy-Schwarz inequality] Suppose (-, -) is an inner product on a
vector space V. If x,y € V', then

(2, y) > < (x,2) (y,1).

T
Proof. Given x,y € V and t € R,
0 <(x+ty,z + ty)
=(w,2) +2t(z,y) + *(y, y)-
Thus, the discriminate satisfies
{2, 9)* — (z,2) (y,y) < 0.
O

Proposition 3.11. If (-,-) is an inner product on a vector space V', then the function
|- ]| : V— R defined by ||z|| = \/(x,z) is a norm on V. T

Proof. Here is a proof of the triangle inequality. That the other axioms of a norm are
satisfied is left to the gentle reader.
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To verify the triangle inequality, let ,y € V' be given and estimate, using linearity of
the inner product in both variables and Proposition 3.10,

lz +yll* =@ +y,2 +y)
=(z,2) +2{(z,y) + (1, 9)
<lllI* + 2l llyll + Iy
=(llll + lly11)*.
0
Remark 3.12. In the case that V' has an inner product, the norm || - || of Proposition

3.11 is, unless otherwise noted, understood to be the norm on V and ||z|| the norm of a
vector x € V.

In the case of R” with the (usual) inner product given in Example 3.9 the resulting
norm is the Fuclidean norm and metric is the Fuclidean distance which will sometimes be
written as dy. Fuclidean space refers to (R", ds) (for some n). Note that (R",dy) is, as a
metric space, distinct from both (R™,d;) and (R", d). Generally, R™ refers to Euclidean
space unless indicated otherwise.

With this notation and understating of the meaning of || - ||, the Cauchy-Schwarz in-
equality says
()| < [ll[ lyll

Do Problem 3.2.

3.3. Open Sets.

Definition 3.13. Let (X, d) be a metric space. A subset U C X is open if for each z € U
there is an € > 0 such that

N (z):={pe X :d(p,z) < e} CU.

The set N,(x) is the e-neighborhood of x. More or less synonymously, an open ball is a set
of the form N, (y) for some y € X and r > 0. <

Proposition 3.14. Neighborhoods are open sets; i.e., if (X, d) is a metric space, y € X
and r > 0, then the set

Ni(y) ={pe X :d(p,y) <r}
is an open set. T

Proof. We must show, for each # € N, (y) there is an € (depending on z) such that N (x) C
N,(y). Accordingly, let x € N,.(y) be given. Thus, d(z,y) < r. Choose € = r—d(x,y) > 0.
Suppose now that p € N.(x) so that d(z,p) < e. Estimate, using the triangle inequality,

d(y,p) < d(y,z) + d(z,p) < d(y,z) +€=d(y,z) + (r —d(y,z)) =
Thus, p € N,(y). We have shown N.(x) C N,(y) and the proof is complete. O
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Do Problem 3.3.

Example 3.15. In R? with the Euclidean distance, show E = {(z1,%s) : x1, 7o > 0} is
an open set. A

Example 3.16. The set [0,1) C R is not an open, since, for every ¢ > 0, the set
N.(0) = (—¢, €) contains negative numbers and is thus not a subset of [0,1). A

Proposition 3.17. Let (X, d) be a metric space.

(i) 0, X C X are open;
(i) if F € P(X) is a collection of open sets, then
UperU

is open; and
(iii) if n € NT and Uy, ..., U, C X are open, then

m?:lUj
is open.
t
Corollary 3.18. A subset U of a metric space X is open if and only if it is a union of
neighborhoods. T

Example 3.19. Let U; = (—jﬁ, 1) C R for j € N. The sets U; are open in R (they are

open balls). However, the set

is not open. Thus it is not possible to improve on the last item in the proposition. A
Example 3.20. The set (—00,0) = U2 ,(—2n,0) = U2 N, (—n) and is therefore open.
We could of course easily checked this directly from the definition of open set. A

Example 3.21. The set
R?D E={(v,29):2;, >0} ={r € R*: 2y >0} N {r € R? : 2, > 0}
This provides yet another way to prove E is open. Namely, show that each of the sets on
the right hand side above is open. A
Do Problem 3.4.

3.3.1. Open sets and norms.

Definition 3.22. Two norms || - || and || - |« are equivalent if there exists constants
0 < ¢ < C such that
cllz]| < flzfl. < Cjz].
<

Though there appears to be some asymmetry in the definition, the notion of equivalent
norms is in fact an equivalence relation on the set of norms on a given vector space.
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Proposition 3.23. Suppose || - || and || - ||« are norms on a vector space X and let d and
d, denote the resulting metrics. If there is a constant C' > 0 such that
lz]l < Cllzl.,

and U C X is open in the metric space (X, d), then U is open in the metric space (X, d,).

Hence, if the norms are equivalent, then a set is open in (X, d) if and only if it is open
in (X,d.). T
Proof. Let N,.(z) and N}(z) denote the r-neighborhoods of the point z in the metric spaces
(X,d) and (X, d,) respectively.

Given z,y € V, the hypothesis imply that

d(z,y) = llz —yll < Cllz — yll. = Cdu(z,y).

Hence, N*%(:U) C Ny(x).

Now suppose U is open in X and x € U. There is an r > 0 such that N,(z) C U.
Thus, with € = 5,

Ni(z) C Np(z) CcU

and it follows that U is open in X™*. O

Proposition 3.24. Let U C R" be given. The following are equivalent,

(i) U is open in (R",d;);
(ii) U is open in (R", ds); and
(iii) U is open in (R™, dy,).

f

Proof. By Proposition 3.23, it suffices to prove that the norms || - ||; for j = 1,2, 00 are
all equivalent.

Let e € R™ denote the vector with each entry equal to 1 and, given z € R", let |z|
denote the vector obtained by taking entrywise absolute value. By the Cauchy-Schwarz
inequality,

n
lzlh = l2jl = {Jal, €) < llzllzllells = v/nllz]o.
j=1

On the other hand,

n n
lzlla = | Y22 < | > )2 = Vallzl|eo
j=1 1

j=

Finally,

n
#lloo <> l51,
j=1

since, |7x| = [|7[|o for some k. O
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Example 3.25. Returning to the example of the set £ = {(z,y) : x,y > 0} C R?*}
above, it is convenient to use the d., metric to prove F is open; i.e., show that E is open
in (R? d.,) and conclude that E is open in R2. A

3.3.2. Relatively open sets.

Definition 3.26. Suppose (Z,d) is a metric space and X C Z so that (X, d|xxx) is also
a metric space. A subset U C X is open relative to X or is relatively open, if U is open in
the metric space X. <

Example 3.27. Let X =[0,00) C Z = R. The set [0,1) is open in X, but not in Z. A

Proposition 3.28. Suppose Z is a metric space and U C X C Z. The set U is open in
X if and only if there is an open set W in Z such that U =W N X. ]

Proof. For notational convenience, given p € U and r > 0, let NX(p) = {z € X : d(x,p) <
r} and N?(p) = {x € Z : d(=x,p) < r}, the r-neighborhoods of p in X and Z respectively.
Note that

NX(p) = NZ(p) N X.

First, suppose W C Z is open (in Z) and U = W N X C X. Given p € U, there is a
9, > 0 such that N5Zp (p) C W since p € W and W is open in Z. Moreover,
Ni(p)=Ni(pnX CcwWnX =U.
It follows that
U C Uper Ny (p) N X = Upeu Ni (p) C U.
Hence U is a union of neighborhoods (in X) and is thus open in X.

Now suppose U C X is open relative to X. For each p € U there is an €, > 0 such that
NX(p) CU. Let

W= UPGUNei(p>
and note that W is open in Z and
WNX =UpeuN2(p) N X = Uper[N2(p) N X] = Uper N2 (p) = U.

Returning to Example 3.27, note that [0,1) = (—1,1) N X.

3.4. Closed Sets.

Definition 3.29. Let (X,d) be a metric space. A subset C' C X is closed if X \ C is
open. <

Example 3.30. (i) In R the set [0, 00) is closed, since its complement, (—oo, 0) is open.
(ii) The set [0,1) C R is neither open nor closed.

(ili) The set Q C R is neither open nor closed.

(iv) The set F' = {(x1,29) € R?*: 125 = 0} is closed.
(v) The sets X and () are both open and closed. They are clopen.



24

(vi) Every subset of a discrete metric space is clopen. (See Problem 3.4.)
A

Proposition 3.31. Let (X, d) be a metric space and let x € X and r > 0 be given. The
set

{peX:dpr)<r}
is closed. ]

Proof. The complement of {p € X : d(p,x) < r} is the set

U={p:d(p,z)>r}
and it suffices to prove that U is open. Let y € U be given. Then d(y,x) > r. Let
e=d(y,x) —r >0.If 2z € N(y) so that d(z,y) < €, then,

d(xv z) Zd(xa y) - d(yv Z)

>d(z,y) — €
=r.
It follows that N (y) C U and thus, since y € U was arbitrary, U is open. O

Corollary 3.32. In a metric space, singleton sets are closed; i.e., if (X,d) is a metric
space and x € X, then {z} is closed. T

Proposition 3.33. Let X be a metric space.

(i) X and 0 are closed;
(ii) if C4,...,C, are closed subsets of X, then U}C; is closed; and
(ili) if Cy, @ € J is a family of closed subsets of X, then

C = r\loaeJCVoz

is closed.

f
Corollary 3.34. A finite set F' in a metric space X is closed. ]

Proposition 3.35. If C' C R is bounded above, nonempty, and closed, then C' has a
largest element. ]

Proof. The hypotheses imply sup(C) exist. It is of course an upper bound for C'. Suppose
§ is an upper bound for C' and 5 ¢ C. Since C'is closed, C is open and therefore there is
an € > 0 such that N.(8) € C. In particular, if 8 — e < # < 3, then z ¢ C. Of course if
x > 3, then x ¢ C. Hence,  — € is an upper bound for C' and thus § > sup(C') and the
result follows. m

Example 3.36. Let R = QN|[0, 1] denote the rational numbers in the interval [0, 1]. Since
Q is countable, so is R. Choose an enumeration R = {ry,r5,...} of R. Fix 1 > ¢ > 0 and
let

Vi = N_e (r))

2j+1

and V = UV;. Thus V is an open set which contains R.
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The set C'= [0, 1]\ V is closed because it is the intersection of the closed sets [0, 1] and
V. On the other hand, its complement contains every rational in the interval [0, 1], but
is also the union of intervals the sum' of whose lengths is at most

e
Z =e<1.
j=1
Thus C'is a closed subset of [0, 1] which contains no rational number, but is large in the
sense that its complement can be covered by open intervals whose lengths sum to at most

€.

A heuristic is that open sets are nice and closed sets can be strange, while most sets
are neither open nor closed. A

Do Problem 3.5.

3.5. The interior, closure, and boundary of a set.
Definition 3.37. Let (X, d) be a metric space and S C X. The closure of S is
S:=n{CCcX:C>S, Cisclosed}.

q
Proposition 3.38. Let S be a subset of a metric space X.
(i) S CS;
(ii) S is closed; B
(iii) if K is any other set satisfying (i) and (ii), then S C K.
Moreover, S is closed if and only if S = S. ]

Definition 3.39. Let (X, d) be a metric space and S C X. The interior of S is the set
S°:=U{U C X :U C S is open}.

N
Proposition 3.40. Let S be a subset of a metric space X.
(i) S°C S;
(ii) S° is open;
(iii) if V' C S is an open set, then V' C S°.
Moreover, S is open if and only if S = 5°. T

Definition 3.41. A point x € X is an interior point of S if there is an € > 0 such that
N.(x) CS. q

Do Problems 3.6, 3.7 and 3.8.

ISeries are introduced in Problem 4.17 in the next section and will be treated in detail later, but this
particular series should be familiar from Calculus II.
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Definition 3.42. The boundary of a set S in a metric space X is 05 = SN 3.

Do Problem 3.9

3.6. Exercises.

Exercise 3.1. Show, if a,b,¢ > 0 and a + b > ¢, then
a b c

—+ > .

l+a 1407 1+4c¢

Show if (X, d) is a metric space, then

d(z,y)
di(z,y) = T+dzy)

is a metric on X too.

Exercise 3.2. Show that the functions in Example 3.5 are both norms on R".
Exercise 3.3. Verify the claims made in Example 3.9.

Exercise 3.4. Show that the subset S = {(z,y) € R? : x # y} is open.

Exercise 3.5. Verify that the discrete metric is indeed a distance function.

Exercise 3.6. Let X be a nonempty set and d the discrete metric. Fix a point z € X.

Is the closure of the set Ny(z) equal to {x € X : d(z,z) < 1}7?
Exercise 3.7. Show that the set

{(z1,20) : 21,22 >0} CR?
is closed.

Show that the set
{(Il,xg) c RZ X1 = 1}

is closed.

Exercise 3.8. By Proposition 3.6,

1
ar.)= ([ 1f = gPan
defines a metric on the space of polynomials P. For n € N, let
pa(t) = V2n + 11"
Find d(pp, pm)-

Exercise 3.9. Determine the interior, closure and boundary of an interval (a,b] in R.

What is the boundary of (0,1] as a subset of the metric space (0, 00)?

Exercise 3.10. Let S be a subset of a discrete metric space X. Determine the interior,

boundary and closure of S.
Exercise 3.11. Determine 00(0, 1].
Let S = {(2,0): 0 <z <1} C R% Find 9S and 99S7?
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3.7. Worked Examples.

Sample Problem 3.1. Let X be a metric space. Show,
(i) if S,T € X, then SUT = SUT; and
(11) if Sl, SQ, --- C X, then

Solution. Since the finite union of closed sets is again closed, SUT is a closed set which
contains both S and T and hence contains S U T. The inclusion SUT C S UT now
follows from Proposition 3.38(iii).

Now suppose Sy, Sa, -+ C X and let, for notational ease, R = U32,5;. For each j the
inclusion S; C R implies S; C R. Hence, by Proposition 3.38(iii), S; C R. Consequently,
U2,S; C R. Thus, item (ii) is now proved. Moreover, choosing S; = S and S; = T and
S; = () for j > 3 proves the inclusion SUT C SUT, and the proof of (i) is complete.

Though it was not asked for in the problem, here is an example where strict inclusion
holds in (ii). Let X = R and S; = [%, 1] for j € N*. In particular, each S; is closed so

that S; = S;. Note that U;—;S; = (0, 1] which is not a closed set (so this is an example
where the union of closed sets is not closed).

Sample Problem 3.2. Fix p € R" and let » > 0 be given. Show that the closure of
N,(p) is B.(p).

Solution. For notational purposes, let S = N,(p) and T = B,(p). Since T is closed and
contains S, it follows from Proposition 3.38 that S C T'. To prove the reverse inclusion,
we use the criteria that ¢ € S if and only if for each ¢ > 0

Ne(g)n S #10.
Further we may assume that ¢ € 7'\ S. In this case, d(p,q) = r. Given € > 0, choose
s =min{%, 1} and let
z=q+s(p—q)
Since
d(q,2) = |z =gl = sllp —all <,
z € Nc(q). On the other hand,
d(p,z) = lz —pl = A = s)(g =p)| = (1 = s)r <,

where s < 1 was used in the second equality. Hence z € S and the proof is complete.

3.8. Problems.

Problem 3.1. Suppose (X, dx) and (Y, dy) are metric spaces. Define d : (X xY) x (X x
Y) — R by

d((z,y), (a,b)) = dx(z,a) + dy (y, b).
Prove d is a metric on X x Y.
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Problem 3.2. Show, if V' is a vector space with an inner product, then the norm
(1) ol = v/ {v,v)
satisfies the parallelogram law ,
v +wl* + v = wi* = 2([[v]|* + [lw]*).
Explain why this is called the parallelogram law.

Recall the norm || - ||; on R™ defined in Example 3.5. Does this norm come from an
inner product?

Problem 3.3. Describe the neighborhoods in a discrete metric space (X, d).
Problem 3.4. Determine, with proof, the open subsets of the discrete metric space (X, d).

Problem 3.5. Given a metric space Z and F' C X C Z define F is relatively closed in
X. Show, F is relatively closed in X if and only if there is a closed set C' C Z such that
F=CnNnX.

Prove that the closure of F' C X, as a subset of X, is X N F, where F is the closure of
Fin Z. Conclude, if F' is relatively closed, then F' = F'N X.

Finally, show, if

(i) A,B C Z;

(i) X = AU B; and
(iii) AN B =19,
then B = j N X and hence is open relative to X.
Problem 3.6. Show,

I(S) ={s € S:sis an interior point of S} = S°.

Problem 3.7. Prove,

3= (3).

Suggestion: Use the properties of closure and interior. For instance, note that S is open
and contained in S.

Problem 3.8. Show S consists of those points # € X such that for every e > 0, N(x) N
S # (. Equivalently, for every e there exists a y € S such that d(z,y) <.

Show also, if S is a non-empty subset of a metric space X and z € X, then z is in S if
and only if
inf{d(x,s):se€ S} =0.

Problem 3.9. Prove that = € 85 if and only if for every e > 0 there exists s € S, t € S
such that d(z,s),d(x,t) < e.

Prove S is closed if and only if S contains its boundary; and S' is open if and only if S
is disjoint from its boundary.
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Problem 3.10. Show, in R?, if x € R? and » > 0, then the closure of
No(z) ={y eR* 1 d(z,y) = [l —y]| <r}
is the set
{y eR* 1 d(z,y) = [l —yll <7}
Is the corresponding statement true in all metric spaces?

Problem 3.11. Show if A and B are disjoint closed sets in a metric space X, then there
exists disjoint open sets U and V such that A C U and B C V. (This separation property
is expressed by saying a metric space is normal.) Suggestion: by Problem 3.8, for each
a € A there exists an ¢, > 0 such that Ny, (a) N B = (). Likewise there exists, for each
b€ B, an n, > 0 such that Ny, (b)) N A = 0. Let U = UgeaN, (a) and define V' similarly.

Problem 3.12. Prove Proposition 3.40.

Problem 3.13. Show that the closure of Q in R is all of R. (Suggestion: Use Problem
3.7 and Theorem 2.10 item iii). Compare with Remark 2.11.

Problem 3.14. Show that the closure of Q (the irrationals) in R is all of R. Combine
this problem and Problem 3.13 to determine the boundary of Q (in R).

Problem 3.15. Suppose (X, d) is a metric space and z € X and r > 0 are given. Show
that the closure of N,(x) is a subset of the set

{y € X :d(z,y) <r}.

Give an example of a metric space X, an x € X, and an r > 0 such that the closure of
N, (z) is not the set

{ye X :d(z,y) <r}.
Compare with Problem 3.10.

Problem 3.16. Let (X, d) and d. be as in Exercise 3.1. Do the metric spaces (X, d) and
(X, d,) have the same open sets?

Problem 3.17. Suppose d and d' are metrics on the set X and there is a constant C'
such that, for all x,y € X,

d(z,y) < Cd'(z,y).
Prove, if U is open in (X, d), then U is open in (X, d').
Thus, if there is also a constant C’ such that
d'(z,y) < C'd(z,y),

then the metric spaces (X, d) and (X, d') have the same open sets.
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4. SEQUENCES

4.1. Definitions and examples.

Definition 4.1. A sequence is a function a with domain of the form {n > ng : n € Z}
for some ng € Z. It is customary to write a,, = a(n) to denote the value of this function

at n € N and (a,) or (@), or (a,);=,, for this function.

If the a, lie in the set X, then (a,) is a sequence from X.

Suppose (X, d) is a metric space and L € X. The sequence (a,) (from X) converges to
L, denoted

lim a, = L,
n—oo

if for every € > 0 there is an N € N such that d(a,, L) < € for all n > N. In this case, L
is the limit of the sequence.

The sequence (a,) converges if there exists an L € X such that (a,) converges to L. A
sequence which does not converge is said to diverge. <

Remark 4.2. From the (positive definite) axioms (items (i) and (ii) of Definition 3.1) of
a metric, if x, y are points in a metric space (X, d) and if d(z,y) < € for every € > 0, then
T =1y. o

The following proposition list some of the most basic properties of limits. The first
justifies the terminology the limit (as opposed to a limit) above.

Proposition 4.3. Let (a,)2, and (b,)52,, be sequences from the metric space X.

(i) If (a,) converges, then its limit is unique;
(ii) if there is an N and an ¢ such that for n > N, b, = a,4¢, then (a,) converges if and
only if (b,) converges and moreover in this case the sequences have the same limit;
(iii) If there is a sequence (r,) of real numbers which converges to 0, a real number C,
and positive integer M such that, for m > M,

d(apm, L) < Cry,

then (a,) converges to L; and
(iv) if (an)n is a sequence from R (X = R), ¢ € R, and (a,,) converges to L, then (ca,)
converges to cL.

I

Item (ii) says that we need not be concerned with keeping close track of k. In partic-
ular if £ > k, then (a;)52, converges if and only if (a;)$2, converges. Item (iv) follows
immediately from Item (iii).

Example 4.4. By Theorem 2.10(i), the sequence (+)52, converges to 0 in R; however
it does not converge in the metric space (0, 1] (as a subspace of R of course) as can be
proved using item (i) of the previous proposition and the fact that the sequence converges
to 0 (and not a point in (0,1]) in R.

The sequence (;%7), converges to 1 (in R). A
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Example 4.5. If 0 < a < 1, then the sequence (a™) converges to 0.

To prove this statement, recall that we have already shown (see Example 2.12) that
inf({a" : n € N}) = 0. Thus, given € > 0 there is an N such that 0 < o < €. Hence, if
n > N, then |a" — 0] < a” < € and the proof is complete. A

Do Problems 4.1, 4.2, 4.3 and Exercise 4.2.

We will make repeated use of the following simple identity, valid for all real r and
positive integers m,

(2) L—r"=0=r)(1+r+r*+...rm").
Proposition 4.6. In (the metric space) R,

(i) if p > 0, then the sequence (pw) converges to 1; and
(i) the sequence (nw) converges to 1.

t

Proof. To prove (i), first suppose p > 1. Using Equation (2) with m = n and r = ,0% gives
p—1
n—1 1°

ijo Pi

1
p;—l:

Consequently,
1 p—1
lom — 1] < —.
n
Thus (p=) converges to 1 by Proposition 4.3(iii) and Example 4.4.
If0<p<1,theno= % > 1 and (o) converges to 1. On the other hand,
1 11 1
L= %] = pHlot 1| < [o* 1],
from which the result follows.
To prove (ii) note that the Binomial Theorem gives, for z > 0,
n
n\ ;o nrn-1 ,
1 "= )t > ——=a.
(1+x) jz:; (j) x’ = 5 x

Thus, with z = n» — 1,

Hence, for n > 2,

To complete the proof it suffices, by Proposition 4.3 (iii), to show that the sequence
((=%7)7) converges to 0. Accordingly, given e > 0 choose N € N* such that N > 2 +1

n

and observe if n > N, then N > 2 and

V2 Vi
€E> ) — > )
“VN-1"Vn-1
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O

Remark 4.7. The limit of a sequence depends only upon the notion of open sets. See
Problem 4.4. In particular if (X, d) and (X, d,) have the same open sets, then they have
the same convergent sequences. <o

4.2. Sequences and closed sets.
Proposition 4.8. Suppose X is a metric space, S C X and L € X.

(i) If for every e > 0, there exists a point s € S such that d(s, L) < e (equivalently
N(L)N S # 0), then there is a sequence (s,,) from S which converges to L.
(ii) Conversely, if there exists a sequence (s,) from S which converges to L, then for
every € > 0 the set N (L)N S # (.
(iii) The set S is closed if and only if every sequence from S which converges in X actually
converges in S.

—+

Proof. To prove item (i), given n € N* there exists s, € S such that d(s,, L) <
follows that (s,) converges to L.

S|
—
—+

To prove item (ii), suppose there is a sequence (s,,) from S which converges to L. Given
€ > 0 there is an N such that d(a,, L) < € for all n > N. Hence sy € N.(L)NS.

Now suppose that S is not closed, equivalently S is not open. In this case, there exists
an L € S such that for every € > 0 there is an s € N.(L) N S. Hence, by item (i), there is
a sequence from S which converges to L.

Finally, suppose S is closed and (a,) is a sequence from S which converges to L € X.
Since S is open, if y ¢ S, then there is an € > 0 such that N.(y) NS = (. In particular,
d(a,,y) > € for all n and (a,) does not converge to y. Hence L € S and item (iii) is
established. O

Do Problems 4.5, 4.6 and 4.7.

Suppose X is a metric space and S is a subset of X. A point p € X is a limit point
of S if there exists a sequence (s,) from S\ {p} which converges to p. Problem 4.5 gives
an often useful alternate characterization of limit point and in Problem 4.6 you are asked
to show that a set is closed if and only if it contains all its limit points. For examples of
limit points, see Exercise 4.12.

4.3. The monotone convergence theorem for real numbers. For numerical se-
quences, that is sequences from R, limits are compatible with the order structure on R.

Proposition 4.9. Suppose (a,) and (b,) are sequences from R and ¢ € R.

(i) If a,, < b, + ¢ for all n and if both sequences converge, then

lima, <limb, + c.
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(ii) If (an), (bn), and (c,) are all sequences from R, if there is an N so that for n > N,
ap < by <

and if (a,) and (b,) converge to the same limit L, then (b,) also converges to L.
t

The second part of the Proposition is a version of the squeeze theorem and in Problem
4.8 you are asked to provide a proof.

Proof. Let A and B denote the limits of (a,) and (b,) respectively. Let ¢ > 0 be given.
There is an N so that for n > N both |a, — A| < € and |b, — B| < e. Hence, A— B — ¢ =
(A—ay)+ (a, — b, —¢) + (b, — B) < 2e. O

Definition 4.10. A sequence (a,) from R is increasing (synonymously non-decreasing)
if a, < an4q for all n. The sequence is strictly increasing if a,, < a,11 for all n.

A sequence is eventually increasing if there is an N so that the sequence (a,)> y is
increasing.

The notion of a decreasing sequence is defined analogously. A monotone sequence is a
sequence which is either increasing or decreasing.

The numerical sequence (ay, )52, is bounded above if there is a C' such that a, < C for

all n > ng. Equivalently, (a,) is bounded above if the set {a, : n > ng} (the range of the
sequence) is bounded above as a subset of R. <

Definition 4.11. A sequence (a,) of real numbers diverges to infinity, written

lim a, = oo,
n—oo

if for each C' > 0 there is an N such that a, > C for all n > N. <

If (a,) diverges to infinity, then (a,) diverges (does not converge). Indeed, given L € R
there exists an N such that a,, > L+ 1 for all n > N. For a general result see Proposition
4.18.

Theorem 4.12 (monotone convergence for real numbers). If (a,) is an increasing se-
quence from R, then (a,);2,,, converges if and only if it is bounded above. If it is bounded
above then it converges to

sup{a, : n > no}

If it is not bounded above, then it diverges to infinity.

Remark 4.13. Generally, results stated for increasing sequences hold for eventually in-
creasing sequences in view of Proposition 4.3(ii). o

Proof. Suppose the sequence is bounded above. The set R = {a, : n € N} (the range
of the sequence) is nonempty and bounded above and therefore has a least upper bound.
Let A = sup(R). Given € > 0 there is an r € R such that A — e < r. There is an N so
that r = ay. If n > N, then, since the sequence is increasing, 0 < A —a, < A—ay < €.
Hence (a,) converges to A.
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Suppose now that (a,) is increasing and not bounded above. Since it is not bounded
above, given C' there is an N such that ay > C. Since it is increasing, if n > N, then
a, > ay > C and thus (a,) diverges to infinity.

O
Do Problem 4.9.

4.3.1. The real numbers as infinite decimals. Here is an informal discussion of infinite
decimal (base ten) expansions. An infinite decimal expansion (base 10) is an expression
of the form

a = ag.ajasqas - - - ,
where ap € Z and a; € {0,1,2,...,9}. Let

Sn :CLQ+Z—J.
£~ 10

and note that the sequence (s,) is increasing and bounded above by ag + 1. Thus the
sequence (s,) converges to some real number s and we identify @ with this real number.

Conversely, given a real number s there is a smallest integer m > s. Let ag = m — 1.
Recursively choose a; so that, with s, = ag.a;---a,, we have 0 < s — 5, < 10%. In this
case (s,) converges to s and we can identify s with an infinite decimal expansion.

Note that a real number can have more than one decimal expansion. For example both

0.999--- and 1.000 - - - represent the real number 1.

Remark 4.14. Note too it makes sense to talk of expansions with other bases, not just
base 10. Base two, called binary, is common. Base three is called ternary. For n € N
with n > 2, expansions base n are called n-ary. o

Remark 4.15. Here is an informal argument that a rational number has a repeating
infinite decimal expansion.

Suppose x is rational, z = . Note that the Euclidean division algorithm produces

a decimal representation of . At each stage there are at most n choices of remainder.
Hence, after at most n steps of the algorithm, we must have a repeat remainder. From
there the decimal repeats. o

4.3.2. An abundance of real numbers.

Proposition 4.16. The set R is uncountable. T

Proof. 1t suffices to show if f : N — R, then f is not onto. For notational ease, let
z; = f(j)-

Choose by > ag such that xg ¢ Iy := [ag, bp]. Next choose a; < by such that ay < a3 <
by < by and x; ¢ I; = [ay,by]. Continuing in this fashion, construct, by the principle of
recursion, a sequence of intervals I; = [a;, b;| such that

(1) ]03]13]23"';
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(ii) bj —a; > 0; and
(ili) z; ¢ I, for j < k.

Observe that the recursive construction of the sequences of endpoints (a;) and (b;)
implies that ap < a1 < ag < --- < by < by < by; i.e., (a;) is increasing and is bounded
above by each b,,. By Theorem 4.12 (a;) converges to

y =sup{a; : j € N}.

In particular, a,, <y < b,, for each m. Thus y € I, for all m. On the other hand, for
each k,

ry & Iy
and so y # xx. Hence y is not in the set {z) : £ € N} which is the range of f. O

Do Problem 4.10.

4.4. Limit theorems.

Definition 4.17. A sequence (a,) from a metric space X is bounded if there exists an
z € X and R > 0 such that {a, : n € N} C Ng(z). g

Proposition 4.18. Convergent sequences are bounded. ]

Proof. Suppose (a,,) converges to L in the metric space X. Observe, with ¢ = 1 there is
an N such that if n > N, then d(a,, L) < 1. Choosing

R =max({d(a;,L) :0<j < N}U{l})+1

gives {a, : n € N} C Ng(L). Hence {a, : n € N} is bounded. O
Proposition 4.19. Let (a,) be a sequence from RY and write a,, = (@14, ...,045,). The
sequence (a,) converges to L = (Ly,...,L,) € R if and only if (a;,), converges to L,
foreach 1 <j <g. T

Proposition 4.20. Let (a,) and (b,) be sequences from RY and ¢ € R. If (a,) converges
to A and (b,) converges to B, then

(i) (an + b,) converges to A + B;
ii) (ca,) converges to cA;

(iii) (@ - by,) converges to A - B; and

(iv) if g = 1 and b,, # 0 for each n and B # 0, then 32 converges to %.

Proof. Proofs of the first two items are routine and left to the reader.

To prove the third item, let € > 0 be given. Since the sequence (b,) converges, it is
bounded by say M. Since (a,) and (b,) converge to A and B respectively, there exists
N, and N, such that if n > N,, then

€
- <
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and likewise if n > NV, then

€
B-b|l|l < ————.
15 =0l < Zrar+

Choose N = max{N,, Ny}. If n > N, then
A+ B = an - bol| =[[A- (B —bn) + (A = ay) - by
<[ A[B = bull + [|A = anl[]|bn ]
<[[AI[IB = bull + [|A — an || M
<€.

In view of item (iii), to prove the last statement, it suffices to prove it under the

= I;j > 0 there

is an M such that if n > M, then |B —b,| < @. Using this inequality and rearranging
|B — b,| + |b,| > | B] gives |b,| > %'. For such n

1 1 |B — by,

= — —|= "5+ <|B—by|—5.

B by |B||bal | B>

The remaining details are left to the gentle reader. 0

assumption that a, = 1 for all n. Since (b,) converges to B # 0, with ¢

Proposition 4.21. In the metric space R, if 0 < r < 1, then both (r™) and (nr™) converge
to 0. t

Proof. That (r™) converges to 0 is Example 4.5. To prove that (nr™) converges to 0, note
that, by Example 4.4, for n sufficiently large
n

n+1

It follows that there is an N such that for n > N the sequence (nr") is decreasing. Since
it also bounded below by 0 it converges to some L > 0. Hence, using (r™) converges to 0,

>T.

rL=rL+0=rlimnr" 4+ lim "t = lim(n + 1)r"*! = L.

Since r # 1, it follows that L = 0. O

Do Problem 4.11.

Proposition 4.22. Suppose (a,) is a sequence of nonnegative numbers, p,q € N* and
r =L 1If (a,) converges to L, then (a;,) converges to L". T

Proof. Ttem (iii) of Proposition 4.20 with g = 1 and b,, = a,, shows that (a2?) converges to
L?. An induction argument now shows that (a?) converges to LP.

1
To show (as;) converges to L%, first observe that L > 0. Suppose L > 0. In this case,
the identity,

q—1
(2 —y") = (x —y) Y @y’
=0
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1
applied to x = a,, and y = Ls gives,

g=1=j

1 1 a1 7 1 1 q—1
lan — L| = |at — La| Y afl"« >|aj — La|L e .
=0

From here the remainder of the argument is easy and left to the gentle reader. O

Have another look at Problem 4.11.

4.5. Subsequences.

Definition 4.23. Given a sequence (a,) and an increasing sequence ny; < ng < ... of
natural numbers, the sequence (b; = a,,); is a subsequence of (ay).

Alternately, a sequence (b;) is a subsequence of (a,) if there is a strictly increasing
function o (from the domain of b to that of a) such that b; = a,;). q

Example 4.24. The sequence (]%) is a subsequence of (1) (choosing n; = j? for j > 1).
The constant sequences (—1) and (1) are both subsequences of ((—1)"). A

Proposition 4.25. Suppose (a,) is sequence in a metric space X. If (a,) converges to
L € X, then every subsequence of (a,) converges to L. ]

This proposition is an immediate consequence of Problem 4.1.

Note that Proposition 4.25 gives convenient criteria for a sequence to diverge. Namely,
if (a,) has a divergent subsequence, then (a,) is divergent. Similarly, if (a,) has subse-
quences (b;) and (c¢x) which converge to B and C' respectively and B # C, then (a,) is
divergent.

Do Problem 4.12.

Proposition 4.26. Let (z,,) be a sequence from a metric space X and let y € X be given.
There exists a subsequence (z,, ) of (x,) such that (z,, ), converges to y if and only if for
every € > 0 the set

Je={neN:d(y,z,) < €}

is infinite. T

Proof. Suppose for each e the set J. is infinite. With € = 1 there is an n; such that
d(y,z,,) < 1. Suppose now that ny < mg--- < ng have been constructed so that
d(y, ;) < % for each 1 < j < k. Since the set {n : d(y,a,) < ﬁ} is infinite, there

1

1. Thus, by recursion, we have constructed

exists a 141 > ny such that d(y, an,,,) <
a subsequence (a,, ) which converges to y.

For the converse, suppose the subsequence (x,, )r converges to y. Given € > 0 the set
I = {ng : d(zp,,y) < €}

is infinite (since there is a K such that d(a,,,y) < € for k > K). The observation I, C J,
completes the proof. O
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4.6. The limits superior and inferior.
Proposition 4.27. Given a bounded sequence (a,) of real numbers, let
(3) a, =sup{a; : j > n}.

The sequence («,) is decreasing and bounded below and hence converges. T

The proof of the Proposition is left as an exercise (see Problem 4.13.)

Definition 4.28. The limit of the sequence («,) of Equation (3) is called the limsup or

limit superior of the sequence (a,) and denoted lim sup a,, or lima,,. The liminfis defined
analogously. 4

In the case that (a,) is not bounded above, define limsupa, = co. In the case that
(ay,) is bounded above, but not necessarily below, the sequence (o) is defined and it is
not bounded below if and only if (a,) converges to —oo. In this latter case, define the
lim sup a,, = —o0.

Proposition 4.29. Suppose (a,) is a bounded sequence and let L = limsupa,. Then
the set {n : a,, > p} is finite for all p > L, and infinite for all p < L.

Conversely, if L’ is a real number such that {n : a, > p} is finite for all p > L', and
infinite for all p < L', then L' = L.

I

Proof. Suppose p > L. With notation as above, with ¢ = p — L, there is an N such that
a, — L < p—Lfor all n > N. Thus there is an NV such that ay < p and thus, a, < p for
all n > N. Now suppose p < L. In this case, ay > L > p for all N. In particular, there
exists an element of the set {a,, : m > N} which exceeds p; i.e., there is an n > N such
that a,, > p.

The proof of the converse is left as an exercise. See Problem 4.18. O
Do Problem 4.16.

Example 4.30. Here are some simple examples.

(i) The limsup and liminf of (sin(§n)) are 1 and —1 respectively.
(ii) The limsup and liminf of the sequence ((—1)"(1++)) are also 1 and —1 respectively.
(i) The liminf of the sequence ((1 — (—1)")n) is 0. It has no limsup. Alternately, the
lim sup could be interpreted as oo.

A

Observe that inf{a; : j > n} < a, <sup{a;:j > n} for each n. Do Exercise 4.10.
Proposition 4.31. A bounded sequence (a,) converges if and only if
limsup a,, = liminf a,,

and in this case (a,) converges to this common value. T



39

Proof. For notational purposes, let a,, = sup{a; : j > n} and let v, = inf{a; : j > n}.
Suppose
lim o, = lim sup a,, = liminf a,, = lim ~,
and let A denote this common value. Observe that v, < a, < «, for all n. Hence, by the
Squeeze Theorem, Problem 4.8, (a,) converges to A.

Now suppose (a,) converges to a. Given € > 0, there is an N such that if j > N,
then |a; — a| < e. In particular, for j > N, we have a; < a + € and thus ay < a +e.
Consequently, if n > N, then

a—e<a, <o, <ay<a-+e
and therefore |a,, — a|] < e. It follows that (a,,) converges to a and therefore
limsupa, = a.

By symmetry,
liminf a,, = a.

Do Problem 4.14.

Lemma 4.32. If (a,) is a bounded sequence of non-negative real numbers, and if (¢,) is
a sequence of nonnegative reals which converges to the ¢, then lim sup ¢, a,, = climsup a,,.
(If (a,) is unbounded (but still nonnegative) so that limsupa, = oo, and ¢ > 0, then
lim sup ¢,a,, = 0o to0.) T

The proof is left to the gentle reader as Problem 4.15.
Proposition 4.33. [Optional] Suppose (a,) is a bounded sequence of real numbers. Given
reR, let J, ={n:a, >z} and let
S ={x € R: J, is infinite}.

Then,
lim sup a,, = sup(S).

Proof. For notational ease, let a,,, = sup{a, : n > m} and let « = limsupa,

Observe that J, is infinite if and only if for each n € N there is an m > n such m € J,;
i.e., there is an m > n such that that a,, > x.

To prove « is an upper bound for S, let x € S be given. Given an integer n there is an
m > n such that a,, > z. Hence «,, > x. It follows that o > .

To prove that « is the least upper bound of S, suppose = < a. Given n, it follows that
r < oy, Hence, = is not an upper bound for the set {a; : j > n} which means there is
an m > n such that z < a,, < «a,,. This shows J, is infinite. Thus z € S. It follows that
(—00,a) D S and thus if § is an upper bound for S, then § > «. Hence « is the least
upper bound of S. O
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4.7. Worked Examples.

Sample Problem 4.1. Let zy = 2 and define, recursively, z,1; = 3 + % Show that
(xy,) converges (in R).

Solution. It suffices to show that the sequence is decreasing and bounded below. To see
that (z,,) is bounded below, it is enough to observe that z,, > 0 and show that (z2) is
bounded below. To this end, note that, if a > 0 and a? > 2, then
a 1, a 1,

—+ ) =-2=(=—=-)">0

(2 + a) (2 a) -
Thus, arguing by induction, if ,, > 0, then z2_; > 2. Since z¢ = 2, we conclude z2 > 2
for all n.

Now to see that (x,,) is decreasing, note that

A | r2 —2
R R ™
n n

> 0.

Sample Problem 4.2. Show, arguing directly from the definitions, that the numerical

sequence (sequence from R) (a,,) given by
n?+2
p = ———
n?—n+1

converges to 1.

Solution. Observe that,

2

n 1
— - 1==[(n—12+1]>0.
5 n+ 2[(n ) +11>0

Hence n? —n+1> "72 Further, n + 1 < 2n for n > 1.

Now, given € > 0 choose, by Theorem 2.10, an N € N* such that N > max{1, %} For
n>N,

n—l:— —_— =
=l ol s e

n—+1 <2n é 4 .
n

< =<
- N

4.8. Exercises.

Exercise 4.1. Show, arguing directly from the definitions, that the numerical sequences

2n —3
ap = , n>0;
n—+95
n+3
K W

converge.
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Exercise 4.2. By negating the definition of convergence of a sequence, state carefully
what it means for the sequence (a,) from the metric space X to not converge. The
statement should start with: For every L € X there exists ... .

Show that the sequence (from R) (a, = (—1)") does not converge, arguing directly
from the definitions. Suggestion, show if L # 1, then (a,) does not converge to L; and if
L # —1, then (a,) does not converge to L.

Exercise 4.3. Consider the sequence (s,) from R defined by

n

2

sn:E j -
=1

Show by induction that
Sp <2 — —.
n
Prove that the sequence (s,) converges.

Exercise 4.4. Define a sequence from R as follows. Fix r > 1. Let a; = 1 and define
recursively,

1
(py1 = ;(an +r+1).

Show, by induction, that (a,) is increasing and bounded above by “£1. Does the sequence
converge?

Exercise 4.5. Return to Exercise 4.1, but now verify the limits using Theorem 4.20
together with a little algebra.

Exercise 4.6. Find the limit in Exercise 4.4.

Exercise 4.7. A point p in a metric space X is a subsequential limit of a sequence (a,,)
if there is a subsequence (ay, )i of (a,) which converges to p. Let o : N — QN [0, 1] be a
bijection. What are the subsequential limits of the sequence (o(n))?

Exercise 4.8. Prove Proposition 4.3(iii). Show that Item (iv) is a consequence of Item
(i)

Exercise 4.9. Show, if (a,) is a bounded sequence of real numbers, then limsupa, =
—liminf(—a,).

Exercise 4.10. Suppose (a,) is a bounded sequence of real numbers. Prove

liminf a,, < limsup a,,.

Give an example which shows the inequality can be strict.

Exercise 4.11. Show, with out appealing to the existence of square roots, if (a,) is a
sequence of real numbers and (a?) converges to 0, then (a,) converges to 0. (Suggestion:
prove the contrapositive.) Note that this exercise provides a route to complete the proof
of Propsition 4.6(ii) without appealing to the existence of square roots.

Exercise 4.12. Let X be a set and S C X. Let S’ denote the set of limit points of S (in
X). Determine carefully the sets S’ for the sets S below.



4.9. Problems.

Problem 4.1. Suppose (a,), a sequence in a metric space X, converges to L € X. Show,
if o : N = N is one-one, then the sequence (b, = dy(n))n also converges to L.

Problem 4.2. Suppose (a,) is a sequence from R. Show, if (a,) converges to L, then the
sequence (of Cesaro means) (s,) defined by

1
Sn:n—i—lzaj

j=0

also converges to L. Is the converse true?

Problem 4.3. Suppose (a,) and (b,) are sequences from a metric space X. Show, if
both sequences converge to L € X, then (c,), defined by ¢z, = a, and ca,41 = by, also
converges to L.

Problem 4.4. Suppose d and d’ are both metrics on X and that the metric spaces (X, d)
and (X, d') have the same open sets. Show, the sequence (a,) from X converges in (X, d)
if and only if it converges in (X, d’) and then to the same limit.

Problem 4.5. Let S be a subset of a metric space X.

Prove that y € X is a limit point of S if and only if for every € > 0 there exists a point
s € S such that s # y and d(s,y) < € (equivalently N.(y) N (S\ {y}) # 0).

Prove that S is closed if and only if S contains all its limit points. (Often this limit
point criteria is taken as the definition of closed set.)

Problem 4.6. Let S’ denote the set of limit points of a subset S of a metric space X.
(See Problem 4.5.) Prove that S’ is closed.

Problem 4.7. Show, if C' is a subset of R which has a supremum, say «, then there is a
sequence (¢,) from C which converges to «. Use this fact, plus Proposition 4.8, to give
another proof of Proposition 3.35.

Problem 4.8. [A squeeze theorem| Suppose (a,), (b,), and (c,) are sequences of real
numbers. Show, if a,, < b, < ¢, for all n and both (a,) and (¢,) converge to L, then (b,)
converges to L.

Problem 4.9. Suppose (a,) is a sequence of positive real numbers and assume

. Ap+1
L =lim
an
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exists. Show, if L < 1, then (a,) converges to 0 by completing the following outline (or
otherwise).

i) Choose L < p < 1.

ii) Show there is an M so that if m > M, then a,,11 < pan,;
(iii) Show aprr < pFays for k € N;

(iv) Show a, < p”% for n > M;

(v) Complete the proof.

Give an example where (a,,) converges to 0 and L = 1; and give an example where (a,,)
does not go to 0, but L = 1.

Prove, if 0 < L < 1, and p is a positive integer, then (n”a,) converges to 0 too.

Problem 4.10. A subset S of a metric space X is densein X if S = X. Use Theorem 2.10
to prove for each real number r there is a sequence (g,) of rational numbers converging

to r. Use Proposition 4.8 to conclude that the closure of Q (in R) is R; i.e., Q is dense in
R. (See Remark 2.11.)

Problem 4.11. Let ag = v/2 and define, recursively, a,.1 = v/a, + 2. Prove, by induc-
tion, that the sequence (a,) is increasing and is bounded above by 2. Does the sequence
converge? If so, what should the limit be?

Problem 4.12. Suppose (a,) and (by) are sequences in a metric space X and L € X.
Show,

(i) if there is an n > 0 such that d(bg, L) > n for all k, then no subsequence of (by)
converges to L; and
(ii) if every subsequence of (a,) has a further subsequence which converges to L, then
(a,) converges to L. (Suggestion: prove the contrapositive using part (i).)
(i) Give an example of a sequence (a,) which doesn’t converge, but such that every
subsequence of (a,) has a subsequence which does converge.

Problem 4.13. Prove Proposition 4.27.

Problem 4.14. Suppose both (a,) and (b,) are bounded sequences of real numbers.
Prove,

lim sup(a,, + b,) < limsup a,, + lim sup b,.
[Hint: Use {a; +b; : j > n} C {a; + br : j,k > n} and sup(S + T) = sup(S) + sup(7T)
(under appropriate hypotheses as in Problem 2.6) to show
sup({a; +b; : j > n}) <sup({a; + b : j,k > n})
=sup{a; : j > n} +sup{by : k > n}.

Give an example which shows the inequality can be strict.

Problem 4.15. Prove Lemma 4.32.
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Problem 4.16. Let (a,) be a bounded sequence of real numbers. Prove there is a
subsequence (ay,); which converges to y = limsup a,,. Here is one way to proceed. Show,
for each € > 0 the set {n : |y — a,| < €} is infinite and apply Proposition 4.26.

Show if z is a subsequential limit (See Exercise 4.7) of (a,,), then z < limsup a,,. Hence
lim sup a,, is the largest subsequential limit of the sequence (ay,).

Problem 4.17. Given a sequence (a;)32, of real numbers, let

m

Sm — E Qj.

J=0

The expression ) a, is called a series and the sequence (s,,) is its sequence of partial
sums. If the sequence (s,) converges, then the series is said to converge and if, moreover,
(s,) converges to L, then the series converges to L written

(o]
g a, =L = lim s,,.
m—0o0

n=0

In particular, the expression ) > a, is used both for the sequence (s,) and the limit of
this sequence, if it exists.

Show, if a,, > 0, then the series either converges or diverges to oo depending on whether
the partial sums form a bounded sequence or not.

Show, if 0 < r < 1, then, for each m,

(1 —T)Zr" =1—prmt
n=0

and thus,

oo . 1
nz:%r Tl

Problem 4.18. Suppose {a,, : n > ng} is a bounded sequence of real numbers and L € R,
Show if for every p > L there is an N so that for all n > N, a,, < p and for every p < L
and for every N there is an n > N such that a,, > p, then L = limsupa,. See Remark
4.29.

5. CAUCHY SEQUENCES AND COMPLETENESS

Definition 5.1. A sequence (a,) in a metric space (X,d) is Cauchy if for every ¢ > 0
there is an N such that if n,m > N, then d(a,, a,,) < €. q

Proposition 5.2. Convergent sequences are Cauchy; i.e., if (a,) is a convergent sequence
in a metric space X, then (a,) is Cauchy. T

Proposition 5.3. Cauchy sequences are bounded. ]
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Let X be a metric space and L € X. Problem 5.1 asks you to prove, if (a,) is a
Cauchy sequence from X and (a,) has a subsequence (b) which converges to L, then (a,,)
converges to L.

Definition 5.4. A metric space X is complete if every Cauchy sequence in X converges
(in X). q
Example 5.5. Cauchy sequences in a discrete metric space are eventually constant and

hence converge. Thus, a discrete metric space is complete. A

Example 5.6. The metric space QQ is an example of an incomplete space. Exercise 5.2
gives further examples of incomplete spaces. A

Proposition 5.7. If (a,) is a bounded sequence of real numbers, then there is a subse-
quence (ay, ) of (a,) which converges to lim sup a,,. T

Proof. (See Problem 4.16.) Let L = limsupa, and let ¢ > 0 be given. By Proposition
4.29, the set
{n:a,>L—¢€}
is infinite and the set
{n:a,>L+¢€}
is finite. Hence, the set
{n:la, — L| < ¢}
is infinite. By Proposition 4.26, there is a subsequence (by) of (a,) which converges to

L. 0J

Theorem 5.8. R is a complete metric space.

Proof. Let (a,) be a given Cauchy sequence from R. By Proposition 5.3, this sequence is
bounded. Hence it has a limsup a and a subsequence converges to o by Proposition 5.7.
By Problem 5.1 the sequence itself converges to a. O

Proposition 5.9. A closed subset of a complete metric space is complete.

Proof. Apply Proposition 4.8.

Proposition 5.10. A complete subset of a metric space is closed.

0 — 0O —

Proof. Apply Proposition 4.8.

Definition 5.11. A sequence (a,);2,, from a metric space X is super Cauchy if there

exists an N and a constant 0 < k < 1 such that
(4) d(an+17 an) S kd(an7 CLn—l)
for alln > N. N

The following result is a version of the contraction mapping principle.

Proposition 5.12. If (a,) is super Cauchy, then (a,) is Cauchy. In particular, super
Cauchy sequences in a complete metric space converge. ]
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Do Exercise 5.1 and Problem 5.2.

Proof. We assume, without loss of generality, that (a,)2°, satisfies d(ant2, @ni1) < kd(ani1, an)

for all n > 0.

First observe, by Equation (2),

Next note that, by iterating the inequality of Equation (4),
d(am+17 a/m) S kmd(a17 aO)

for all m. Thus, for £ > 0,

d(an e, an) d(an+j+17 an+j)

d(al, ao)

<E"
- 1—k

Now, given € > 0, using Example 4.5, choose N such that if n > N, then k“d(%’zo)e.

Then for m > n > N and choosing ¢ such that m = n + ¢, it follows that d(a,,,a,) < €
and the sequence (a,) is Cauchy. O

Example 5.13. For n € NT| let

Note that

| =

- >

NS

8277, —

B
Il
<

0 j=2k+1
and thus (s,) is not a bounded sequence and is therefore not Cauchy.
On the other hand,

1 - 1
n—+ 2 n+1

’5n+2 - 3n+1’ = = ‘3n+1 — Sp|-
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5.1. Worked Examples.

Sample Problem 5.1. Choose zy > 0. Show that the sequence (from R) defined recur-
sively by
T 1

Tn41 =
2 Tn

converges.

Solution. If suffices to prove that the sequence is Cauchy since R is complete. Hence, it
suffices to prove that the sequence is super Cauchy by Proposition 5.12. To this end, first
observe that, an induction argument shows that x,, > 0 for all n. Hence,

2
x
Tpi1Ty = 7"+1 > 1.

Thus,
1 1 1
|§ - | <.
Tn41Tn 2
Since
| [T — W<k |
Ty, — Tn = |\z — Ty —Tn)| = Tp — Tn
+2 +1 2 Tt +1 +1

with £ = % < 1, the conclusion follows.

See Newton’s method. Note too that using properties of limits it is not hard to see that
the limit is the square root of two.

Sample Problem 5.2. Suppose Up, Us,,... is a sequence of open sets in a nonempty
complete metric space X. Show, if, for each j, the closure of U; is all of X, then
NeU; # 0.

This fact is a version of the Baire Category Theorem.

Solution. Observe that for each x € X, r > 0, and j € N, that N,(z) N U; # ( by
Problem 3.7. Let, as usual, B.(z) = {y € X : d(z,y) < r} (the closed ball of radius r
with center x).

Pick a point x; € U;. There is an r; < 1 such that B, (z;) C U;. There is a point

z3 € Nr(x) N Us. There is an 0 < ry < 3 such that B,,(22) C Us. In particular,

B,,(z3) C B,,(x1). Continuing in this fashion constructs a sequence of nonempty sets
B; = B,.(z;) such that

J

(i) d(p,q) <277 for each j € N and p,q € B;,
(111) and Bj C Uj. By

In view of (i) and (ii), Problem 5.3 implies NB; is not empty. On the other hand (iii)
implies that NB; C NU; and the conclusion follows.
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5.2. Exercises.

Exercise 5.1. Define a sequence of real numbers recursively as follows. Let a; = 1 and
1

1+a,

Show (a,) is not monotonic (that is neither increasing or decreasing). Show that a, > 1

for all n and then use Proposition 5.12 to show that (a,) is Cauchy. Conclude that the
sequences converges and find its limit.

Ap41 = 1+

Exercise 5.2. Suppose y is a limit point (see Problem 4.5) of the metric space X. Show
Y = X \ {y} is not complete.

Exercise 5.3. Show directly that the sequence ((—1)") is not Cauchy and conclude that
it doesn’t converge. Compare with Exercise 4.2.

Exercise 5.4. Suppose (a,) is an increasing sequence of real numbers. Show, if (a,) has
a bounded subsequence, then (a,) converges; and (a,) diverges to infinity if and only if
(a,,) has an unbounded subsequence.

5.3. Problems.

Problem 5.1. Suppose (z,) is a Cauchy sequence in a metric space X. Show, if (z,) has
a subsequence (x,, ) which converges to some y € X, then (z,) converges to y.

Problem 5.2. Fix A > 0 and define a sequence from R as follows. Let ag = 1. For n > 1,

recursively define
1
Apy1 = A + —.
an
Show, for all n > 1, a, > A and a,a,.1 > 1+ A2 Use Proposition 5.12 to prove that

(ay) converges. What is the limit?
Problem 5.3. The diameter of a set S in a metric space X is
diam(S) = sup{d(s,t) : s,t € S}.

(In the case that the set of values d(s, t) is not bounded above this supremum is interpreted
as plus infinity.)

Prove, if X is a complete metric space, S D S D ... is a nested decreasing sequence
of nonempty closed subsets of X, and the sequence (diam(sS,,)), converges to 0, then
ne19n

contains exactly one point.

Show that this result fails if any of the hypotheses - completeness, closedness of the .5,,,
or that the diameters tend to 0 - are omitted.

Problem 5.4. Show that the sequence (a,,) from Exercise 5.1 is not eventually monotone.
As a suggestion, first show that, for each n, a,,.1 # a, as otherwise a,, would be irrational.

Problem 5.5. Given metric spaces (X,dx) and (Y,dy) let Z denote the metric space
built from X and Y as in Problem 3.1. Show, if X and Y are complete, then so is X x Y.



49

6. COMPACT SETS

6.1. Definitions and Examples.

Definition 6.1. A subset K of a metric space X is compact if for every U C P(X) such
that

(i) each U € U is open;
(ii) K Cc UpeyU,

there exists a finite subset V C U such that
(111) K C UyeyU.

A subset U of P(X) satisfying conditions (i) and (i7) is an open cover of K. A subset
V C U satistying (7i7) is a subcover (of the open cover U). <

Remark 6.2. Compactness is often expressed as: the subset K of a metric space X is
compact provided every open cover of K has (or admits) a finite subcover.

Often it is convenient to view covers as an indexed family of sets, rather than a subset
of P(X). In this case an open cover of S consists of an index set I and a collection of
open sets U = {U; : j € I} whose union contains S. A subcover is then a collection
V = {U, : j € J}, for some subset J of I. A set K is compact if for each collection
{U; : j € I} such that

K C Uje[Uj,
there is a finite subset F' C I such that
o

Example 6.3. Consider the set K = {0, 1, %, %, ...} as a subset of the metric space R.

Let U be a given open cover of K. There is then a Uy € U such that 0 € U,. Since U,
is open, there is an € > 0 such that N.(0) C Up. Since % converges to 0, there is an NV
such that if n > N, then % € N.(0). For each j =1,2,..., N — 1 there is a U; € U such
that % € U;. It follows that V = {Uy,...,Uy_1} C U is a finite subcover (of K). Thus K

is compact. A

Do Problems 6.1 and 6.2.

Example 6.4. Let S = (0,1] C R and consider the indexed family of sets U; = (%, 2) for
j € NT. It is readily checked that

S C Uj:lUj
and of course each U; is open. Thus & = {U; : j € N*} is an open cover of S.

Now suppose F' C N* is a finite set. In particular, there is an N such that F C
{1,..., N} and therefore,

1
U]'GFU]' C U;-Vlej - (N,Q)
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Thus there is no finite subset F' of the index set N* such that K C U,cr and we conclude
that S is not compact. A

Do Problem 6.3 which says that a subset K of a discrete metric space X is compact if
and only if K is finite. In particular, if the set K in Example 6.3 is considered with the
discrete metric, then it is not compact.

Theorem 6.5. Closed bounded intervals in R are compact.

Proof. Let [a,b] be a given closed bounded interval and, without loss of generality, suppose
b > a (as finite sets are compact). Let U be a given open cover of [a,b]. Let

S ={z € [a,b] : [a, z] has a finite subcover from U}.

As an initial observation, note that if a <t < s and s € S, then t € S. By definition S is
bounded above by b. There is a U € U such that a € U and hence [a,a] C U. Thus S is
not empty. Thus sup(S) exists and a < sup(S) < b. In fact, since U is open and contains
a, there is b > ¢ > a such that [a,c] C U. Therefore, b > sup(S) > ¢ > a.

There is a Uy € U such that sup(S) € Uy since sup(S) € [a,b] and U is an open cover
of [a,b]. Because Uy is open and sup(S) > a, there is an € > 0 such that a < sup(S) — e
and N(sup(S)) C Uy. There is an s € S such that sup(S) —§ < s < sup(S). Since s € 5,
there is a finite subcover V C U of [a, s; i.e., V is finite and

la,s] CU{U : U € V}.

It follows that

la,sup(S)] Cla,sup(S) + g]
Cla, s] U [sup(S) — g, sup(S) + %]
CU{U:UEV}U{U()}-

Consequently, if a < ¢ < b and t < sup(S) + §, then t € S. Hence sup(S) € S and
sup(S) > b. Thus b = sup(S) € S and the proof is complete.

O

Theorem 6.6. If Y is a metric space and K C X C Y, then K is compact in X if and
only if K is compact in Y.

Remark 6.7. The proposition says that compactness is intrinsic and thus, unlike for open
and closed sets, we we can speak of compact sets without reference to a larger ambient
metric space. o

Proof. First suppose K is compact in X. To prove K is compact in Y, let Y C P(Y) an
open (in Y) cover of K be given. Let W = {U N X : U € U}. By Proposition 3.28, W
consists of relatively (in X) open sets. Thus W C P(X) is an open (in X) cover of K.
Hence there is a finite subset V of U such that {UNX : U € V} covers K. It follows that
) is a finite subset of U which covers K and hence K is compact as a subset of Y.
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Conversely, suppose K is compact in Y. To prove that K is compact in X, let i C P(X)
be a given open (in X) cover of K. By Proposition 3.28, for each U € U there exists an
open in Y set Wy such that U = X N Wy. The collection W = {Wy : U e U} C P(Y)
is an open cover of X. Hence there is a finite subset V of U such that {Wy : U € V}
covers K. It follows that V is a finite subset of ¢ which covers K. Hence K is compact
in X. 0

Do Problems 6.4 and 6.6.

6.2. Compactness and closed sets.

Definition 6.8. A subset B of a metric space X is bounded if there exists x € X and
R > 0 such that B C Ng(x). q

Equivalently, B is bounded if for every y € X there is a C' > 0 such that B C N¢(y).
An easy exercise is to show that a subset B of R is bounded if and only if it is bounded
both above and below if and only if there exists a C' such that [b] < C for all b € B
(equivalently B C [—C,C]). In particular, this definition of bounded for a subset B of R
agrees with our earlier definition of bounded.

Proposition 6.9. Compact sets are closed and bounded. ]

Proof. Suppose K is a compact subset of a metric space X. If K is empty, then it is
open and K is closed. Suppose now that K is not empty. Let y ¢ K be given. Let
V, ={x € X :d(z,y) > £}. The sets V,, are open and

ux Vi, D X\ {y} D K.
Since K is compact, there is an N so that
Vy =UN .V, D K.
It follows that, for each z € K, d(z,y) > +. Hence N1 (y) € K and so K is open and K
is closed.
To prove that K is bounded, fix g € X and let W,, = {x € X : d(zo,2) < n}. Then

K CX =Ul,.
By compactness of K, there is an /N so that K C Wy and thus K is bounded. U
Proposition 6.10. A closed subset of a compact set is compact. T

Proof. Suppose X is a metric space, C' C K C X, K is compact, and C' is closed.

To prove C' is compact, let U be a given open cover of C. Then W = U U {C} is an
open cover of K. Hence some finite subset G of VW covers K. Without loss of generality,
there is a finite subset ¥V C U such that G = V U {C}. In particular,

CCKCUUE];U UCN'.

Intersecting with C' gives,
C=KnNCCUpep(UNC) C Upeyl.
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Hence V is a finite subset of ¢ which covers C' and the proof is complete. O

Corollary 6.11. Closed bounded subsets of R are compact. Thus a subset of R is
compact if and only if it is closed and bounded. T

Proof. Suppose K C R is both closed and bounded. Since K is bounded, there is a
positive real M such that K C [-M, M]. Now K is a closed subset of the compact set
[—M, M| and is hence itself compact. O

It turns out that this corollary is true with R replaced by RY, a result which is called
the Heine-Borel Theorem. A proof, based upon the Lebesgue number Lemma, and the
concomitant fact that compactness and sequential compactness are the same for a metric
space, is in Subsection 6.4 below.

Remark 6.12. If X is an infinite set with the discrete metric, then X is complete (hence
closed) and bounded, but not compact. Hence, in general, complete (or closed) and
bounded does not imply compact.

For another example, consider the metric d (see Exercise 3.1) on R defined by

[z —y|

d(z,y) = T+ l—y|

The metric space (R, d) is bounded as
R C N 0)={z € R:d(z,0) < 1}.

On the other hand the open sets in (R, d) are the same as the ordinary open sets in R
(with the usual metric |z — y|) and thus both metric spaces have the same compact sets.
To see that R is not compact, consider the collection,

U={(-n,n):neN}

It is an open cover of R, but it admits no finite subcover. Hence R is a closed and bounded
subset of the metric space (R, d) which is not compact.

While these examples may seem a bit contrived, we will encounter other more natural
metric spaces for which closed or complete and bounded is not the same as compact. (See
for instance Problems 6.8 and 6.7.) o

6.3. Sequential Compactness.

Definition 6.13. A subset K of a metric space X is sequentially compact if every sequence
in K has a subsequence which converges in K; i.e., if (a,) is a sequence from K, then

there exists p € K and a subsequence (ay,;); of (a,) which converges to p. 4
Remark 6.14. The notion of sequentially compact does not actually depend upon the
larger metric space X, just the metric space K. o
Proposition 6.15. If X is sequentially compact, then X is complete. T

Problem 6.9 asks you to provide a proof of this Proposition.
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Proposition 6.16. Let X be a metric space. If X is compact, then X is sequentially
compact. ]

Proof. Let (s,);2,, be a given sequence from X. If there is an s € X such that for every

€ > 0 the set J(s) = {n : s, € N(s)} is infinite, then, by Proposition 4.26, (s,) has a
convergent subsequence (namely one that converges to s).

Arguing by contradiction, suppose for each s € X there is an €, > 0 such that J(s) =
{n : s, € N.(s)} is a finite set. The collection { N, (s) : s € X} is an open cover of X.
Since X is compact there is a finite subset F' C X such that V = {N,(t) : t € F'} is a
cover of X i.e.,

X CU{N,(t):te F}.
For each n there is a t € F such that s, € N, (t) and thus {n € Z : n > ng} = UerJ,, (t).
But then, for some u € F, the set J, (u) is infinite, a contradiction. O
Do Problem 6.10.
Proposition 6.17. If X is compact, then X is complete. T

Corollary 6.18. The metric space R is complete. T

Proof. Suppose (a,) is a Cauchy sequence from R. It follows that (a,) is bounded and

hence there is a number R > 0 such that each a, is in the interval I = [—R, R]. Since
I is compact, it is complete by Proposition 6.17. Hence (a,) converges in I and thus in
R. O

The remainder of this section is devoted to proving the converse of Proposition 6.16.

Lemma 6.19. [Lebesgue number lemma] If K is a sequentially compact metric space
and if U is an open cover of K, then there is a § > 0 such that for each x € K there is a
U € U such that Ns(z) C U. T

Proof. We argue by contradiction. Accordingly, suppose for every n € Nt there is an
x, € K such that, for each U € U, N1 (x,) is not a subset of U. The sequence (z,) has a

subsequence (x,, )r which converges to some w € K because K is sequentially compact.

There is a W € U such that w € W. Hence there is an € > 0 such that N.(w) C W.

Choose k so that % < ¢ and also so that d(x,,,w) < §. Then N1 (z,,) C Ne(w) C W,
Tk

a contradiction. O

Definition 6.20. A metric space X is totally bounded if, for each € > 0, there exists a
finite set F' C X such that

X - U:EEFNE(I)

Proposition 6.21. If X is sequentially compact, then X is totally bounded. ]
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Proof. We prove the contrapositive. Accordingly, suppose X is not totally bounded. Then
there exists an € > 0 such that for every finite subset F' of X,

X 7£ U:EEFNe(x)'
Choose z1 € X. Choose x5 ¢ N.(z1). Recursively choose,
Tny1 & U?NE(Q;J')'

The sequence (z,,) has no convergent subsequence since, for j # k, d(xy, ;) > e. Thus X
is not sequentially compact. O

Proposition 6.22. If X is sequentially compact, then X is compact. T
Proof. Let U be a given open cover of X. From the Lebesgue Number Lemma, there is a
d > 0 such that for each € X there is a U € U such that Ns(z) C U.
Since X is totally bounded, there exists a finite set F' C X so that
X = UzerNs(z).
For each = € F, there is a U, € U such that Ns(z) C U,. Hence,

ie., {U,:x € F} CU is an open cover of X. Hence X is compact. O
6.4. The Heine-Borel theorem.
Lemma 6.23. Cubes in RY are compact. T

Proof for the case g = 2. Either an induction argument or an argument similar to the
proof below for ¢ = 2 handles the case of general d.

Consider the cube C' = [a,b] X [¢, d]. It suffices to prove that every sequence (z,) from
C has a subsequence which converges in C i.e., that C is sequentially compact. To this
end, let (z,) = (zn,yn) be a given sequence from C. Since [a,b] is compact, there is a
subsequence (2, )r of (x,) which converges to some = € [a,b]. Similarly, since [c,d] is
compact the sequence (y,, ), has a subsequence (ynkj ); which converges to a y € [c,d]. It

follows that (anj ); converges to z = (z,y) € C. O

Theorem 6.24. [Heine-Borel| A subset K of RY is compact if and only if it is closed and
bounded.

Proof. We have already seen that compact implies closed and bounded in any metric space.
Suppose now that K is closed and bounded. There is a cube C such that K C C' C RY.
The cube C' is compact and K is a closed subset of C' and is therefore compact by
Proposition 6.10. O]

Do Problem 6.13.
Corollary 6.25. RY is complete. T

The proof is similar to that of Corollary 6.18. The details are left as an exercise for the
gentle reader.
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6.5. Worked Example.

Sample Problem 6.1. Show, if K is a compact metric space, then it contains an at most
countable subset S such that the closure of S is K. In other words, a compact metric
space contains a countable dense set. A metric space which contains an at most countable
dense set is called separable.

Solution. Since K is compact, it is totally bounded by Propositions 6.16 and 6.21. For
each n € N* there exists a finite set F}, such that

K C UxanNl (l')

Let S = U2 F,. Since S is a countable union of finite sets, S is at most countable. Let

T denote the closure of S. Given y € K, for each n € N* there is an z,, € F,, such that

y € Ni(zy,). Thus, d(z,,y) < <. It follows that (z,) is a sequence from S, and hence

from 7', which converges to y. Thus, by Proposition 4.8, y € T. Hence T' = X and the
proof is complete.

6.6. Exercises.

Exercise 6.1. Let X be a metric space. Show, if there is an r > 0 and a sequence (z,,)
from X such that d(z,,x,,) > r for n # m, then X is not compact.

Exercise 6.2. Suppose X has the property that each closed bounded subset of X is
compact. Show X is complete.

Exercise 6.3. Let X be a (nonempty) metric space. Show, if X is totally bounded, then
X is bounded. Give an example where X is bounded, but not totally bounded.

6.7. Problems.

Problem 6.1. Prove, if X is a metric space and (a,)%; is a sequence in X which
converges to A € X, then {A, ay,as, ...} is compact.

Problem 6.2. Prove a finite subset of a metric space X is compact.

More generally, prove a finite union of compact sets is compact.

Problem 6.3. Show, a subset K of a discrete metric space X is compact if and only if it
is finite. In particular, if X is infinite, then X is complete (and thus closed) and bounded,
but not compact.

Problem 6.4. [The finite intersection property (fip)] Suppose X is a compact metric
space and F C P(X). Show, if each C' € F is closed and for each finite subset F' C F
the set

NecerC # 0,
then in fact

NeerC # 0.
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As a corollary, show if Cy D Cs D is a nested decreasing sequence of non-empty compact
sets in a metric space X, then NC) is non-empty too. (This fact is referred to as the nested
intersection property.)

Show the result fails if X is not assumed compact. On the other hand, even if X is
not compact, the result is true if it assumed that there is a D € F which is compact.
Compare with Problem 5.3.

Problem 6.5. Suppose (5,)32, is a sequence of non-empty compact subsets of a metric

space X that is nested decreasing; that is, S; D Sy D S3 D ---. Show, S = NS, is
connected. show, if U C X is open and S C U, then there is a j such that S; C U.

Problem 6.6. Prove that any open cover of R has an at most countable subcover.

More generally, prove, if there exists a sequence Ki, Ks,... of compact subsets of a
metric space X such that X = UKj, then every open cover of X has an at most countable
subcover.

Problem 6.7. Let ¢ denote the set of bounded sequences a = (a(n)) of real numbers.
The function d : /> x > — R defined by

d(a,b) = sup{|a(n) — b(n)| : n € N}
is a metric on £°°.

Let e; denote the sequence from (> (so a sequence of sequences) with e;(j) = 1 and
e;(k) =01if k # j. Find, d(e;, e).

Let 0 denote the zero sequence in ¢*°. Is
B={a€(*:d(a0) <1}
closed? Is it bounded? Is it compact?
As a challenge, show £*° is complete.

Problem 6.8. This problem assumes Problem 4.17. Let ¢? denote the set of sequences
(a(n)) of real numbers such that
> la(m)P?
0

converges (to a finite number). Use the Cauchy Schwarz inequality to show, if a,b € 2,
then

(a,b) == ) | a(7)b(3)
0
converges and that (a,b) is an inner product on ¢2. Let
d(z,y) = lz =yl = V{z —y, 2 —y)
denote the resulting metric.

Let e; denote the sequence with e;(j) = 1 and e;(k) = 0 if j # k. What is d(e;, e;)?
Does the sequence (of sequences) (e;) have a convergent subsequence? Let 0 denote the

zero sequence. Is the set
B={re*: dx0) <1}
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closed? Is it bounded? Is it compact?

As a challenge, prove that ¢2 is complete.
Problem 6.9. Prove Proposition 6.15. (See Problem 5.1.)
Problem 6.10. Suppose K is a nonempty compact subset of a metric space X and z € X.

(i) Give an example of an z € X for which there exists distinct points p,r € K such
that, for all ¢ € K,
d(p,x) = d(r,z) < d(q,x).
(ii) Show, there is a point p € K such that, for all other ¢ € K,

d(p,x) < d(q, ).

[Suggestion: As a start, let S = {d(x,y) : y € K} and show there is a sequence (g,)
from K such that (d(zx,q,)) converges to inf(.S).]

(iii) Let X =R\ {0} and K = (0, 1]. Is there a point € X with no closest point in K?
Is K closed, bounded, complete, compact?

(iv) Let £ = {eg,€1,...} be a countable set. Define a metric d on E by d(e;,e;) =1 for
Jj # kand j,k #0; d(ej,e;) =0 and d(eg,e;) =1+ % for j # 0. Show d is a metric
on E. Let K = {ej,es,...} and = eg. Is there a closest point in K to z7 Is K
closed, bounded, complete, compact?

Problem 6.11. Suppose B is a compact subset of a metric space X and a ¢ B. Show
there exists disjoint open sets U and V such that a € U and B C V. Suggestion, first use
Problem 6.10 to show there is an > 0 such that for each b € B N, (b) N N, (a) = 0.

Problem 6.12. Show if A and B are disjoint compact sets in a metric space X, then
there exists disjoint open sets U and V such that A C U and B C V. Suggestion, by
the previous problem, for each a € A there exists disjoint open sets U, and V, such that
aec U, and B CV,.

Problem 6.13. Show that K compact can be replaced by K closed in Problem 6.10 in
the case that X = RY.

Problem 6.14. Given metric spaces (X,dx) and (Y, dy) let Z denote the metric space
built from X and Y as in Problem 3.1. Show, if X and Y are compact, then so is X x Y.

7. CONNECTED SETS

Definition 7.1. A metric space X is disconnected if there exists sets U,V C X such that

(i) U and V are open;
(i) UNV = 0;
(ii) X =UUV; and
(iv) U#0#V;
The metric space X is connected if it is not disconnected.

A subset S of X is connected if the metric space (subspace) S is connected. <
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Do Exercise 7.1.

Remark 7.2. A metric space X is connected if and only if the only subsets of X which
are both open and closed are X and ().

By Proposition 3.28, subsets Uy and V} of S are open relative to S if and only if there
exists subsets U,V of X which are open (in X) such that Uy = U NS and V; =V N S.
Thus, a subset S of a metric space X is connected if and only if given subsets U and V'
of X such that

(i) U and V are open;
(i) UNSNV =0; and
(iii) SCUUV

it follows that either U N S or V' N S is empty (alternately, S C U or S C V).
Note, if U,V satisfy (i) and (iii), then VNS =UN S. o

Problem 7.1 gives an alternate condition for a subset S of a metric space X to be
connect in terms of subsets of X. Do also Problem 7.2.

Proposition 7.3. A nonempty subset I of R is connected if and only if x,y € [ and
xr < z <y implies z € 1.

In particular, intervals in R are connected. T

Proof. Suppose I has the property that z,y € [ and z < z < y implies z € I. Arguing by
contradiction, suppose U,V C R satisfy conditions (i)-(iv) of Remark 7.2. In particular,
UNI#0#V NI Choose u e UNIT and v € VN I. Without loss of generality, u < v.
By hypothesis [u,v] C I. Consider A = U N [u,v] and B = V N [u,v] and observe that
AUB = [u,v] and AN B = 0. Hence B N [u,v] = A. Since also B = V U [u, ], it follows
that A =V N [u, v]. In particular, A is closed and bounded. Thus A has a largest element
a € A. Since v € B, we find a < v. Since U is open, there is an € such that v —a > ¢ >0
and (a — €,a +¢€) = N(a) C U. In particular, (a,a +¢€) C U N [u,v] = A. But then
a+ 5 € A, a contradiction.

To prove the converse, suppose there exists x,y € I and z ¢ I such that z < z < y. In
this case, let U = (—00,2) and V = (2,00). Then UNV =, U and V are open, U N[
and V' N [ are nonempty, and I C U UV, thus [ is not connected. 0

Do Problem 7.3.

Proposition 7.4. If C is a nonempty collection of connected subsets of a metric space X
and if AN B # () for each A, B € C, then I' = U{C : C € C} is connected. T

Proof. Arguing by contradiction, suppose there U, V' C X open sets such that UNI'NV =
), T cUUVand I'NU # () # T NV. From this last condition, there exists Cy;, Cy € C
such that Cy N U # 0 and Cy NV # (. Now U,V are open; Cy C U UV; and
UNCynV cUNT NV = (. Thus, since Cy is connected, either Cy N U = ) or
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Cy NV =0. It follows that Cy NV = () and hence Cyy C U. By symmetry, Cyy C V and
thus,
ConCycUNTNV =0,

contradicting the assumption that the intersection of any two sets in C is nonempty. [

Do Problem 7.4 and Exercise 7.6.

Corollary 7.5. Given a point x in a subset S of a metric space X there is a largest
connected set C, containing x and contained in S i.e.,

(i)zeC,CS,
(ii) C, C X is connected; and
(iii) if € D € S and D C X is connected, then D C C,.

The set C,, of Corollary 7.5 is called the connected component containing x.

Proof. Note that {z} is connected. Let C denote the collection of connected sets containing
x and contained in S and apply Proposition 7.4 to conclude that I' = U{C' : C' € C} is
connected. By construction, if D is connected and x € D, then D C T'. O

Do Problems 7.5, 7.6 and 7.7.

7.1. Exercises.

Exercise 7.1. Show singleton sets are connected, but finite sets with more than one
element are not.

Exercise 7.2. Determine the connected subsets of a discrete metric space.

Exercise 7.3. Let [ =[0,1] CR. If 0 <z < 1,is I \ {z} connected?

Let S C R? denote the unit circle, {(z,y) € R? : 22 +y?> = 1}. If . € S, is S\ {z}
connected? If z # y are both in S, is S\ {z,y} connected?

Let R C R? denote the unit square R = [0,1] x [0,1]. If F C R is finite, is R\ F
connected?

Exercise 7.4. Let K = {1 :n € N*} C R and let
C = (K x[0,1))uU([0,1] x {0}) C R*.
Draw a picture of C. Is it connected?

Let D =CU{(0,1)}. Is D connected? (See Problem 7.2) Can you draw a path from
(0,0) to (0,1) without leaving D?

Exercise 7.5. Show if A, B, C are connected subsets of X and ANB # () and BNC # ),
then AUBUC is connected. A more general statement, requiring a more elaborate proof,
can be found in Problem 7.4.

Exercise 7.6. Must the intersection of two connected sets be connected?
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7.2. Problems.

Problem 7.1. Prove, S C X is disconnected if and only if there exists subsets A, B C X
such that

(i) both A and B are nonempty;

(i) AUB=S5;
(iii) AN B = 0; and
(iv) AN B = 0.

Here the closures are taken with respect to X. [Suggestion: Given A and B, let U = §
and V = A)]

Problem 7.2. Show, if S is a connected subset of a metric space X, then S is also
connected. In fact, each S C T C S is connected.

Problem 7.3. Suppose I C R is open. Prove that [ is also connected if and only if either

(1) I is an open interval;

(2) there is an a € R such that I = (a,c0);
(3) there is a b € R such that I = (—o0,b); or
(4) I is empty or all of R.

The term open interval is expanded to refer to a set of any of the above forms.

Problem 7.4. Prove the following stronger variant of Proposition 7.4. Suppose C is
collection of connected subsets of a metric space X and B € C. Show, if for each A € C,
ANB # 0, then T' = U{C : C € C} is connected. [Suggestion: Consider the collection
D={CUB:CeC(}

Problem 7.5. Let X be a metric space. For each x € X, let C, denote the connected
component containing z. Prove that the collection {C, : z € X} is a partition of X; i.e.,
(i) if 2,y € X then either C, = C, or C;, N C,, = 0; and

Problem 7.6. Prove, if O C R is open, then each connected component of O is open;
i.e., if U C O is connected in R and if U C V' C O is connected implies U = V| then U is
open.

Problem 7.7. Prove that every open subset O of R is a disjoint union of open intervals
(in the sense of Problem 7.3). Further show that this union is at most countable by noting
that each component must contain a rational.

Problem 7.8. Given ¢ € R show that
Se={(z,y) e R?: x| =1} U{(z,y) e R*: x| <1,y > ¢}
i1s connected.

Show,
S=ny",5
is not connected.
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Problem 7.9. Suppose (5,)22, is a sequence of non-empty compact connected subsets of
a metric space X that is nested decreasing; that is, S;1 D Sy D S3 D ---. Show, S =nNS,
is connected. show, if U C X is open and S C U, then there is a j such that S; C U.
(Suggestion: Use problem 6.5.)

8. CoNTINUOUS FUNCTIONS

8.1. Definitions and Examples.

Definition 8.1. Suppose X,Y are metric spaces, a € X and f : X — Y. The function
f is continuous at a if for every € > 0 there is a 6 > 0 such that if dx(a,z) < 4, then

dy (f(a), f(x)) <e.

The function f is continuous if it is continuous at each point a € X. <

Example 8.2. (i) Constant functions are continuous.
(ii) For a metric space X, the identity function id : X — X given by id(z) = z is
continuous.
(iii) If f: X — Y is continuous and Z C X, then f|z : Z — Y is continuous.
(iv) The function f : R — R given by f(z) = 1if x € Q and f(z) = 0if z ¢ Q is
nowhere continuous.
To prove this last statement, given € R, choose ¢y = %
(v) The function f : (0,1] — R defined by f(z) =0ifz ¢ Q and f(z) = %, where z = £,
p €N, g e Nt and ged(p,q) = 1, is continuous precisely at the irrational points.
Lets prove that f is continuous at irrational points, leaving the fact that it is not
continuous at each rational point as an easy exercise.
Suppose z ¢ Q (2 € [0,1]) and let € > 0 be given. Choose N € N* so that & < e.
Let
0 = min{|x — %| :m,n < N, m,ne N},

This minimum exists and is positive since it is a minimum over a finite set and 0 is
not an element of the set (since z ¢ Q). If |z —y| < 0 and y € [0,1], then either
y ¢ Q in which case |f(z) — f(y)| =0 - 0] = 0; or y € Q and y = £ (in reduced
form) where ¢ > N in which case |f(z) — f(y)| = é <e.
(vi) If X is a metric space and a € X, then the function f : X — R given by f(z) =
d(a,x) is continuous.
Fix  and let € > 0 be given. Choose 6 = e. If d(z,y) < 6, then

[f() = f(y)l = ld(z,a) — d(a,y)| < d(z,y) < =e.
(vii) Given v € RY, the function p, : RY — R defined by

py(x) = (2,7)

1S continuous.

Do Problems 8.1 and 8.2.
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Proposition 8.3. A function f : X — Y is continuous if and only if f~!}(U) C X is open
for every open set U C Y. ]

Note that the result doesn’t change if Y is replaced by any Z with f(X)C Z CY.

Proof. Suppose f is continuous and U C Y is open. To prove f~}(U) is open, let = €
f7YU) be given. Since U is open and f(z) € U, there is an € > 0 such that N.(f(z)) C U.
Since f is continuous at x, there is a § > 0 such that if dx(z, z) < 6, then dy (f(z), f(2)) <
e. Thus, if z € Ng(z), then f(2) € N (f(x)) C U and consequently z € f~1(U). Hence
Ns(z) € f~(U). We have proved that f~(U) is open.

Conversely, suppose that f~}(U) is open in X whenever U is open in Y. Let € X
and € > 0 be given. The set U = N.(f(x)) is open and thus f~!(U) is also open. Since
z € f~YU), there is a § > 0 such that Ns(z) C f~1(U); ie., if dx(z,z) < §, then
f(2) € U which means dy(f(x), f(z)) < e. Hence f is continuous at x; and thus f is
continuous. O

Corollary 8.4. A function f: X — Y is continuous if and only if f~1(C) is closed (in
X) for every closed set C' (in Y). T

Do Problems 8.4 and 8.5. See also Problem 3.8.

Proposition 8.5. Suppose X, Y, Z are metric spaces, f : X — Y and g : Y — Z. If both
f and g are continuous, then sois h=go f: X — Z. T

Proof. Let V an open subset of Z be given. Since g is continuous, U = g~ (V) is open
in Y. Since f is continuous, f~}(U) is open in X. Thus, h=*(V) = f~1(U) is open and
hence h is continuous. [

There are local versions of Propositions 8.5 and 8.3 (See Problems 8.7 and 8.6). Here
is a sample whose proof is left to the reader.

Proposition 8.6. Suppose X, Y, Z are metric spaces, f: X =Y andg:Y — Z. If fis
continuous at a and g is continuous at b = f(a), then h = g o f is continuous at a. T

8.2. Continuity and Limits.

Definition 8.7. Let S be a subset of a metric space X. Recall, from Problem 4.5, a point
p € X is a limit point of S if there exists a sequence (s,,) from S\ {p} which converges to
p.

A point p € S is an isolated point of S if p is not a limit point of S. <

Proposition 8.8. Let S be a subset of the metric space X and suppose p € X. The
following are equivalent.

(i) p is a limit point of S;
(ii) for every 6 > 0 the set (S\ {p}) N Ns(p) # 0; and
(iii) for every d > 0 the set S N Ns(p) is infinite.
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A point p € S is an isolated point of S if and only if the set {p} is an open set in S
i.e., open relative to S. T

The proof of this proposition is left as an exercise. See Proposition 4.8 and Exercise
8.1 and compare with Problems 4.5 and 4.6.

Example 8.9. (i) If S # () is an open set in RY, then every point of S is a limit point
of S. In fact, as an exercise, show in this case the set of limit points of S is the
closure of S.

(ii) The set Z in R has no limit points.
(iii) The only limit point of the set {* :n € N} is 0.

A

Definition 8.10. Let X and Y be metric spaces and let a € X and b € Y. Suppose a is
a limit point of X and either f: X — Y or f: X \ {a} — Y. The function f has limit b
as x approaches a, written

lim f(z) = b,

r—a
if for every € > 0 there is a d such that if 0 < dx(a,z) <, then dy (b, f(z)) < €. <
Remark 8.11. The limit b, if it exists, is unique. o

Proposition 8.12. Let X,Y be metric spaces and a € X.

(i) Suppose f: X — Y and a € X is a limit point of X. The function f is continuous
at a if and only if lim,_,, f(z) exists and equals f(a).

(ii) Suppose Z = X or Z = X \{a} and b e Y. If f: Z — Y and lim,,, f(x) exists
and equals b, then the function g : X — Y defined by g(x) = f(z) for z # a and
g(a) = b is continuous at a.

(iii) If @ is not a limit point of X and h: X — Y, then h is continuous at a.

T
Proposition 8.13. Suppose a € X and f: W — Y, where W = X or W = X \ {a}. If
lim, ,, f(z) =band if g: Y — Z is continuous at b, then lim, ., g o f(z) = g(b). T

Proof. The function h : X — Y defined by h(x) = f(x) if z # a and h(a) = b is continuous
at a by Proposition 8.12. Hence g o h is continuous at a by Proposition 8.6. It follows
from Proposition 8.12 that

lim g o f(x) = lim g o h(z) = g(h(a)) = g(0).

T—ra

For a variation on this composition law for limits, see Problem 8.8.

The following Proposition gives a sequential formulation of limit.
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Proposition 8.14. Suppose X is a metric space, a is a limit point of X, and f: Z — Y
where Z is either X or X \ {a}. The limit lim,_,, f(z) exists and equals b € Y if and only
if for every sequence (a,) from X \ {a} which converges to a, (f(a,)) converges to b.

Moreover, if f: X — Y and a € X, the following are equivalent:

(i) f is continuous at a.
(ii) For every sequence (a,) from X \ {a} converging to a, (f(a,)) converges to f(a).
(iii) For every sequence (a,) from X converging to a the sequence (f(a,)) converges

to f(a).
I

Proof. The “moreover” part of the proposition readily follows from the first part and
Proposition 8.12(i).

To prove the the first part of the lemma, suppose lim,_,, f(z) = b and (a,) is a sequence
from X \ {a} which converges to a. To see that (f(a,)) converges to b, let € > 0 be given.
There is a 0 > 0 such that if 0 < dx(a,z) < 0, then dy (b, f(x)) < e. There is an N so
that if n > N, then 0 < dx(a,a,) < 0. Hence, if n > N, then dy (b, f(a,)) < € and thus
(f(ay)) converges to b.

Conversely, suppose lim,_,, f(z) # b. Then there is an ¢, > 0 such that for each n
there exists a, such that 0 < dx(a,a,) < £, but dy (b, f(a,)) > €. The sequence (ay,) is
a sequence from X \ {a} which converges to a, but (f(a,)) does not converge to b. [

8.3. Continuity of Rational Operations.

Proposition 8.15. Let X be a metric space and a € X be a limit point of X. Suppose
f:Y = R¥ where Y is either X or X \ {a}. Write f = (f1,..., fx) with f; : X = R.

The limit lim,_,, f(x) exists and equals A = (A, ..., A;) € R¥ if and only if the limit
lim, ,, f;(z) exist and equals A;. In particular, if f: X — R*, then f is continuous at a
if and only if each f; is continuous at a. T

Proof. First suppose the limits lim,_,, f;(x) exists and equal A;. Let (a,) be a given
sequence from X \ {a} which converges to a. By Proposition 8.14 the sequences (f;(ay))
converges to A;. By Proposition 4.19, the sequence A,, = f(a,) converges to A. Another
application of Proposition 8.14 implies that lim,_,, f(z) exists and equals A.

Conversely, suppose lim,_,, f(z) = A and let (a,) be a given sequence from X \ {a}
which converges to a. It follows, from Proposition 8.14, that (f(a,)) converges to A.
Hence, by Proposition 4.19, the sequences (fj(a,)) converge to A;. Another application
of Proposition 8.14 implies the limits lim,_,, f;(x) exist and equal A;. O

Proposition 8.16. Suppose a € X is a limit point of the metric space X, W is either X
or X\ {a} and f,g: W — R If lim, ., f(x) and lim,_,, g(x) exist and equal A and B
respectively, then

(i) limg ., f(z) - g(x) = A - B;
(if) limga(f + g)(z) = A
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(iii) if £ =1, g is never 0 and B # 0, then lim, ., le) = %.

I

Proof. To prove item (i), suppose (a,) is a sequence in X \ {a} which converges to a.
From Proposition 8.14, (f(ay,)) and (g(a,)) converge to A and B respectively. Hence
(f(ay) - g(a,)) converges to A - B, by Proposition 4.20. Finally, another application of
Proposition 8.14 completes the proof.

The proofs of the other items are similar. O

Corollary 8.17. If f,g : X — R* are continuous at a, then so are f-g and f + g. If
k =1 and g is never 0, then % is continuous at a. T

Example 8.18. For each j, the function 7; : R? — R given by 7;(x) = z; is continuous
since it can be expressed as

mi(x) = (r,¢j) = - €5,
where e; is the j-th standard basis vector of R?% i.e., e; has a 1 in the j-th entry and 0
elsewhere.

If p(xq,...,24) and g(x1,...,24) are polynomials, then the rational function
r(z) = p(z)
q(x)
is continuous (wherever it is defined). A

Do Problems 8.9 and 8.10.

8.4. Continuity and Compactness.

Proposition 8.19. If f : X — Y is continuous and X is compact, then f(X) is compact;

i.e., the continuous image of a compact set is compact. T

Proof. Let W be a given open cover of f(X). By continuity of f, the set
U={f1U):UecW}cC PX)

is an open cover of X. Since X is compact, there is a finite subset F C W such that
{f~Y(U) : U € F} is a cover of X.

Using the fact that f(f~!(B)) C B and Worked Example 1.2, it follows that
UverU D Uperf(f71(U)) = f (Uuerf(U)) D f(X).
Thus, {U : U € F} C U is a finite subset of & which covers f(X). Hence f(X) is
compact. O
Do Problem &.11.

Corollary 8.20 (Extreme Value Theorem). If f : X — R is continuous and X is non-
empty and compact, then there exists zo € X such that f(z¢) > f(z) for all x € X i.e.,
f has a maximum on X. ]
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Proof. By the previous proposition, the set f(X) is a compact subset of R. It is also
non-empty. In view of Proposition 3.35, non-empty compact subsets of R have a largest
element; i.e., there is an M € f(X) such that M > f(x) for all z € X. Since M € f(X),
there is an xy € X such that M = f(x). O

Return to Problem 6.10.

Corollary 8.21. If X is compact, and if f : X — Y is one-one, onto and continuous,
then f~!is continuous. T

Proof. Let C' C X, a closed set, be given. Since X is compact C C X is closed, C' is
compact by Proposition 5.9. Since f is continuous and C' is compact, f(C) is compact

by Proposition 8.19. Thus f(C) is closed in Y. Since (f~1)"}(C) = f(C) is closed, it
follows, from Corollary 8.4 that f~! is continuous. O

Example 8.22. Let T = {z € C: |2] = 1} = {(x,y) € R? : 22 + y* = 1} and define
f:10,27) — T by f(t) = exp(it) = (cos(t),sin(t)). Then f is continuous and invertible,
but f~! is not continuous at 1.

In fact, if g : T — [0, 27) is continuous, then it is not onto since its image ¢g(T) will then
be a compact, and hence proper, subset of [0,27). Consequently there does not exists a
one-one onto continuous map f : [0,27) — T. (See Problem 8.14.) A

8.5. Uniform Continuity and Compactness.

Definition 8.23. A function f: X — Y is uniformly continuous if for every e > 0 there
is a 0 > 0 such that if x,y € X and dx(z,y) < 9, then dy (f(z), f(y)) <e.

Given S C X, f is uniformly continuous on S if f|s : S — Y is uniformly continuous. <

See Exercise 8.7.

Proposition 8.24. If f : X — Y is continuous on X and if X is compact, then f is
uniformly continuous on X. T

Proof. Let € > 0 be given. For each x € X there is a r, > 0 such that if dx(z,y) < r,,
then d(f(z), f(y)) < 5.

The collection Y = {N= () : © € X} is an open cover of X. Since X is compact, there
is a finite subset F' C X such that V = {Nz(s) : s € F'} is a cover of X.

Let § = %min{rw :x € F'}. Suppose y, z € X and dx(y, z) < 0. There is an « € F such
that y € Nu(2); i.e., dx(z,y) < 5. Hence

dx(z,2) < dx(z,y)+dx(y,z) < %x +<r,.

Consequently,
dy (f(y), f(2)) < dy(f(y), f(2)) + dy (f(2), f(2)) <e.
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See Problem 8.25 for an alternate proof of Proposition 8.24.
Example 8.25. The function f : R — R given by f(z) = 22 is not uniformly continuous.

Choose ¢y = 1. Given § > 0, let x = % and y = % + g. Then |z — y| < 6, but,

52
) = f@)l =2+ =a=1

On the other hand, the function from Problem 8.1 is uniformly continuous. A

Do Problems 8.13 and 8.12.

8.6. Continuity and Connectedness.

Proposition 8.26. If f : X — Y is continuous and X is connected, then f(X) is
connected. ]

Proof. Suppose U and V' are open subsets of f(X) such that f(X) =UUV and UNV = ().

The sets A = f~1(U) and B = f~(V) are open, X = AU B and AN B =  (since
if z € AN B, then f(x) € UNV). Hence, without loss of generality, A = X. Hence,
f(A) =F(X)=f(fY(U)) CcUand V = (. Tt follows that f(X) is connected. O

Example 8.27. Returning to Example 8.22, there does not exist a one-one onto con-
tinuous mapping f : [0,27] — T. If there were, then ¢ = f~! would be a continuous
one-one mapping of T onto [0,27]. Let z = f(n) and Z = T \ {z}. Now Z is connected
and g|z : Z — [0,7) U (7, 27| is one-one and onto. But then ¢|z(Z) = [0, 7) U (7, 27] is
connected which is a contradiction. A

Do Problems 8.14, 8.15, and 8.16.

Corollary 8.28. [Intermediate Value Theorem| If f : [a,0] — R is continuous and
f(a) <0 < f(b), then there is a point a < ¢ < b, such that f(c) = 0. T

Definition 8.29. Let S denote a subset of R. A function f : S — R is increasing
(synonymously non-decreasing) if z,y € S and <y implies f(x) < f(y). The function
is strictly increasing if x,y € S and = < y implies f(z) < f(y). <

Corollary 8.30. If f : [a,b] — Ris continuous and increasing, then f([a,b]) = [f(a), f(b)].
T

Example 8.31. Returning to the discussion in Subsection 2.2, fix a positive integer n
and let f : [0,00) — [0,00) denote the function with rule f(z) = z™. To show that f is
onto, let y € [0, 00) be given. With b the larger of 1 and y, consider g = f| : [0,0] — R.
Since f(b) > y, it follows that y is in the interval [0, g(b)]. By Corollary 8.30, y is in the
range of g and hence in the range of f. The conclusion is then that positive numbers have
n-th roots. A
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8.6.1. More on connectedness - optional. The following property of a metric space X is
sometimes expressed by saying that X is completely normal. 1t is evidently stronger than
the statement that disjoint closed sets can be separated by disjoint open sets, a property
known as normality. Compare with Problem 6.12.

Proposition 8.32. If A, B are subset of a metric space such that ANB = () and ANB = ),
then there exists U,V C X such that

(i) U and V are open;
(i) AcU, BCV;and
(iii) UNV = 0.

I

Proof. 1f either A or B is empty, then the result is immediate. Accordingly, suppose that
A # () and B # () and of course that AN B = () and BN A = (). By Problem 8.1, the
function f : X — R given by

f(z) = d(z; B) — d(z; A)

is continuous. Observe, if x € A, then z ¢ B and hence d(x; A) = 0, but d(z; B) > 0 by
Problem 3.8. Thus, f(z) > 0 for x € A. Similarly, f(z) < 0forx € B. Let U = f~1(0, 00)
and V = f~1(—o0,0). It follows that U and V are open, AC U, BCV,and UNV = ().
Thus U and V satisfy conditions (i)—(iv). O

Remark 8.33. Proposition 8.32 gives another characterization of connected subsets S of

a metric space X. Namely, S is not connected if and only if there exist nonempty, open,
disjoint subsets U,V of X such that S C U U V. o

8.7. The Completion of a Metric Space - optional.

Definition 8.34. Let X, Y be metric spaces. A mapping f : X — Y is isometric or an
1sometry, if

dy(f(a), f(b)) = dx(a,b)
for all a,b € X. <

Evidently, an isometry f is continuous.

Definition 8.35. The metric spaces X and Y are equivalent if there is a isometric bijection
f: X =Y. <

The notion of equivalent metric spaces satisfies the axioms of an equivalence relation.

Proposition 8.36. Let X be a given metric space. Suppose Y, Z are complete metric
spaces and f: X — Y and g : X — Z are isometric. If f(X) and g(X) are dense in Y
and Z respectively, then Y and Z are equivalent. T

Sketch of proof. Given y € Y, there is a sequence (x,) from X such that (y, = f(x,))
converges to y. It follows, using the fact that d(f(z,), f(zm)) = d(g(x,), 9(zm)), that
(zn, = g(z,)) is Cauchy in Z and hence converges to some z € Z. Define h : Y — Z by
h(y) = z. O
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Definition 8.37. Given X, a metric space Y is the completion of X if there exists an
isometry f: X — Y such that f(X) is dense in Y. (The proposition above justifies the
use of the instead of a.) <

8.8. Exercises.
Exercise 8.1. Prove Proposition 8.8

Exercise 8.2. Show that f : (0,1] — R defined by f(z) = % is continuous, but not
uniformly so.

Exercise 8.3. Fixn € NT. Use the Intermediate Value Theorem 8.28 along with Corollary
8.21 to argue that the function t/ exists (as a mapping from [0,00) to [0,00) and is
continuous.

Exercise 8.4. Use Exercise 8.3 to show if the sequence (a,) of nonnegative real numbers

converges to A, and r = ™ (m,n € N*) is a rational number, then (aj,) converges to A".

Exercise 8.5. Give an alternate proof of the statement of Problem 6.10 using Example
8.2(f) and Corollary 8.20.

Exercise 8.6. Suppose f : X — R* the point @ € X is a limit point of X and A € R*.
Show, if
lim[f(z) — Al =0

T—ra
(that is that the indicated limit exists and is 0), then
lim f(z) = A.

Exercise 8.7. Verify that the functions in parts (a), (b), (f) and (g) of Example 8.2 are
actually uniformly continuous.

Exercise 8.8. Formulate and prove a squeeze theorem for limits of functions.

8.9. Problems.

Problem 8.1. Let A be a nonempty subset of a metric space X. Define f : X — [0, 00)
by f(x) = inf{d(z,a) : a € A}. Prove that f is continuous.

Problem 8.2. Let X be a metric space and Y a discrete metric space.

(i) Determine all continuous functions f:Y — X.
(ii) Determine all continuous functions g : R — Y’;

Problem 8.3. Suppose (X is not empty and) f : X — Y is continuous. Show, if X is
connected and for each x € X there is an r > 0 such that f(y) = f(x) for all y € N,(z),
then f is constant.

Problem 8.4. Prove Corollary 8.4.
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Problem 8.5. Show, if f : X — R is continuous, then the zero set of f,
Z(f) = {z € X : f(z) =0}

is a closed set.

Show that the set
{(z,9) 12y =1} CR?
is a closed set. Compare with Exercise 3.7.

Problem 8.6. Prove the following local version of Proposition 8.3.

Suppose f : X — Y and a € X. The function f is continuous at a if and only if
for every open set U containing b = f(a), there is an open set V' containing a so that

vV c fHU).
Problem 8.7. Prove Proposition 8.6.

Problem 8.8. Suppose X is a metric space, a € X is a limit point of X and f : X\ {a} —
Y. Show, if

(i

im,_,, f(z) exists and equals b;

)1

(ii) g : Z — X is continuous at ¢;
(1)9()—a and
(iv) g(z) # a for z # c,

then
lim f o g(z) = b.

z—C

Problem 8.9. Define f: R\ {0} — R by f(x) =sin(%). Show

(i) f does not have a limit at 0;
(ii) show g : R\ {0} — R defined by g(x) = z f(x) has a limit at 0;
(iii) more generally, show if » : R — R is continuous at 0 and h(0) = 0, then Af (with
domain R\ {0} of course) has a limit at 0.

Problem 8.10. Define f : R? — R by

e y>={¢— (2,9) # (0.0)
| (@0

[a)
K
<
I
Y P
=
(@)
S~—

Is f continuous at 0 = (0,0)7
Define g : R? — R by

I e (0,0)
g“”’y"{o (e,9) = (0,0)

Is g continuous at 0 = (0,0)7
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Problem 8.11. Suppose X and Y are metric spaces and let Z denote the metric space
Z = X x Y with distance function

d((z1,y1), (z2,92)) = max{dx(x1,z2),dy (y1,y2)}

Prove, if f: X — Y is continuous, then F' : X — Z defined by F(z) = (z, f(x)) is also

continuous.
Prove, if f is continuous and X is compact, then the graph of f,
graph(f) = {(z, f(x)) € Z:w € X} C Z
is compact.

As a challenge, show, if the graph of f is compact, then f is continuous. As a suggestion,
consider the function H : graph(f) — X defined by H(x, f(z)) = .

Problem 8.12. Prove if f : X — Y is uniformly continuous and (a,) is a Cauchy
sequence from X, then (f(a,)) is Cauchy in Y.

Problem 8.13. Given a metric space Y, a point L € Y, and f : [0,00) = Y, f has limit
L €Y at infinity, written,

lim f(z) = L,
if for every € > 0 there is a C' > 0 such that if > C, then dy (f(x), L) < e.

Prove, if f : [0,00) — Y is continuous and has a limit at infinity, then f is uniformly
continuous.

Problem 8.14. A function f : X — Y is a homeomorphism if it is one-one and onto and
both f and f~! are continuous.

Suppose f : X — Y is a homeomorphism. Show, if Z C X, then f|; : Z — f(Z) is
also a homeomorphism. In particular, if Z is connected, then so is f(Z).

Problem 8.15. Does there exist a continuous onto function f : [0, 1] — R?
Does there exist a continuous onto function f: (0,1) — (—=1,0) U (0,1)?

Problem 8.16. Suppose f : [0,1] x [0,1] — R. Prove, if f is continuous, then f is not
one-one. (See Exercise 7.3.)

Problem 8.17. Let I = (¢,d) be an interval and suppose a € I. Let E denote either
I'or I\ {a} and suppose f : E — R. We say f has a limit as x approaches a from the
right (above) if the function f|qq) : (a,d) — R has a limit at a. The limit, if it exists, is
denoted,

lim f(z) = lim f(x).

z—at a<lzr—a

The limit from the left (below) is defined similarly.

Show f has a limit at a if and only if both the limits from the right and left at a exist
and are equal.
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Problem 8.18. Suppose f : (¢,d) — R is monotone increasing and ¢ < a < d. Show, f
has a limit from the left at a and this limit is

sup{f(t) : c <t < a}.

Problem 8.19. Suppose f : [a,b] — [c,d] is one-one and onto and (strictly) monotone
increasing. Prove f is continuous.

Problem 8.20. A function f : X — X is a contraction mapping if there is an 0 < r < 1
such that

d(f(x), f(y)) < rd(z,y)
for all z,y € X.

A point p is a fized point of f if f(p) = p.
Prove that a contraction mapping can have at most one fixed point.

Prove, if f is a contraction mapping and X is complete, then f has a (unique) fixed
point. In fact, show, for any point € X, the sequence (z,) defined recursively by ¢ = x
and z,4+1 = f(x,) converges to this fixed point. (See Proposition 5.12.)

Problem 8.21. Suppose K is compact and f : K — K. Show, if f is continuous, then
the function g : K — [0, 00)

g(x) = d(f(x),z)
attains its infimum (achieves a minimum). Show further that if this minimum is taken at
z € X, then

d(f(f(2)), f(2)) = d(f(2), 2)-
Show that z is a fixed point of f if and only if g(x) = 0.
Suppose now that f satisfies
d(f(x), f(y)) < d(z,y)
for all z # y in K.
Prove f has a unique fixed point.

Show by example, that the hypothesis that K is compact can not be dropped.

Problem 8.22. Suppose f : X — Y maps convergent sequences to convergent sequences;
i.e., if (a,) converges in X, then (f(a,)) converges in Y.

Show, if (a,,) converges to a, and (b,) is the sequence defined by bs,, = a,, and bs, 11 = a,
then (b,) converges to a. Now prove that f(b,) converges to f(a).

Prove f is continuous.

Problem 8.23 (Pasting Lemma). Suppose f : X — Y and X = SUT, where S and T are
closed. Show, if the restriction of f to both S and T is continuous, then f is continuous.
The same is true if both S and T" are open. (Suggestion: in the case S and T are closed,
fix a closed set C' C Y and express f~1(C) = (f~H(C)NS)U(f~H(C)NT) in terms of f|s
and fr.)
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Problem 8.24. Show, if f : X — X is continuous, X is compact, and f does not have a
fixed point, then there is an € > 0 such that d(z, f(z)) > € for all z € X.

Problem 8.25. Fill in the following outline of an alternate proof of Proposition 8.24.
Arguing by contradiction, suppose f is not uniformly continuous. Hence there is an
€0 > 0 such that for each n € N there exists x,,y, € X such that dx(z,,y,) < %, but
dy (f(z,), f(yn)) > €. There exists a point z € X and some choice of positive integers
ny < ng < ..., such that (z,,)r and (y,,)r both converge to z. Explain why this last
statement contradicts the assumption that f is continuous.

9. SEQUENCES OF FUNCTIONS AND THE METRIC SPACE C(X)

9.1. Sequences of Functions.

Definition 9.1. Let X be a set and Y a metric space. A sequence (f,) of functions
fn: X — Y converges pointwise if there exists an f : X — Y such that for each x € X
the sequence (f,,(x)) converges to f(z) in Y; i.e., if for every z € X and every ¢ > 0 there
is an N such that for every n > N, dy (f.(x), f(z)) < €. The function f is the limit of
the sequence, written

lim f, = f (pointwise),
n—oo
and (f,) is said to converge pointwise to f. N

Example 9.2. (i) Let f : [0,1] — R denote the function defined by f(1) = 1 and
f(z) = 0 for 0 < x < 1. The sequence f, : [0,1] — R defined by f,(z) = 2"
converges pointwise to f.

(ii) The sequence f, : [0,1] — R defined by

fu()

. i
1+ na?

converges pointwise to 0.

A

Definition 9.3. Let X be a set and Y a metric space. A sequence (f,) of functions
fn + X — Y is uniformly convergent or converges uniformly if there exists f : X — Y
such that for every € > 0 there is an N such that dy (f,(x), f(z)) < € for every 2 € X
and every n > N.

In this case (f,,) converges uniformly to f. q

Remark 9.4. If (f,) converges uniformly to f, then (f,) converges pointwise to f. On
the other hand, if (f,,) converges pointwise, but not uniformly, to f, then (f,) does not
converge uniformly. o

Example 9.5. (i) The sequence in item (i) of Example (9.2) above does not converge

uniformly to its pointwise limit f (and thus does not converge uniformly). To prove

this statement, choose ¢y = &. Given N, choose n = N and zy = (%)% Then

Un(an) — flan) =1 > e
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(ii) The sequence from item (ii) of Example (9.2) does converge uniformly to the zero
function f. To prove this claim, let ¢ > 0 be given. Choose, using the uniform
convergence of the sequence, N € NT such that % < €2. Suppose n > N and let
z € [0,1] be given. If 0 < z < ¢, then

[fo(2) = f(2)] = fulz) <z <e
On the other hand, if 1 > x > ¢, then

1
|fu(2) = f(2)] < # < <e

(iii) Let A, : [0,1] — [0, 1] be the piecewise linear function whose graph consists of line
segments joining (0,0) to (5,1), then (5-,1) to (£,0), and finally (£,0) to (1,0).
The sequence (h,) converge pointwise to 0, but doesn’t converge uniformly to 0.
This sequence is sometimes called the moving hats.

A

Theorem 9.6. Suppose X,Y are metric spaces and (f,) is a sequence f, : X — Y. If
each f, is continuous and if (f,,) converges uniformly to f, then f is continuous.

Proof. Let x and € > 0 be given. Choose N such that if n > N and y € X, then
dy (fn(y), f(y)) < €. Since fy is continuous at x, there is a 6 > 0 such that if dx(z,y) < 6,
then dy (fn(x), fn(y)) < e. Thus, if dx(x,y) < 4, then

dy (f(x), f(y)) <dy(f(x), fx(2)) + dy (fn(2), fn () + dy (I (y), f(y))

< 3e.
OJ

Example 9.7. Example (9.5)(iii) shows that a sequence of continuous functions can
converge pointwise to a continuous function, but not uniformly; i.e., pointwise convergence
of a sequence of continuous functions to a continuous function does not imply uniform
convergence.

The sequence f, : [0,1] — R given by f,(x) = 2" cannot converge uniformly, since the
limit f fails to be continuous at 1. Note that the same is true for any subsequence. A

9.2. The Metric Space C(X).

Definition 9.8. Suppose X is a set and Y is a metric space. A function f: X — Y is
bounded if the range of f is bounded. <

Remark 9.9. Suppose X is a set and Y is a metric space. If f,g: X — Y are bounded
functions, then, as is easily proved, the set {dy(f(z),g(x)) : * € X} is a bounded set
of real numbers and hence has a supremum. In the case that f is continuous and X is
compact, then f is bounded. Further, if both f and g are continuous (and still X is
compact), then because that mapping D : X — R defined by D(z) = dy(f(x), g(z)) is
continuous, the supremum is attained. o
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Definition 9.10. Given a compact metric space X and a metric space Y, let C'(X,Y")
denote the set of continuous functions from X to Y.

The function d : C(X,Y) x C(X,Y) — R defined by
d(f,9) = sup{dy (f(z),9(z)) : # € X}

is called the uniform metric. <

Remark 9.11. (i) In the case that Y is either R (resp. C) it is customary to write
C(X) instead of C'(X,R) (resp. C'(X,C)).
(ii) Note that C'(X) is a vector space (under pointwise addition and scalar multiplica-
tion).
(iii) The metric d on C(X) is induced by the (supremum or max) norm, |/f|e =

max{|f(z)| : z € X} on C(X).

Proposition 9.12. Suppose X and Y are metric spaces and X is compact.

(i) The function d is a metric on C'(X,Y).
(ii) A sequence (f,) from C(X,Y’) converges to f in the metric space (C(X,Y),d) if and
only if (f,) converges to f uniformly.
(iii) If Y is complete, then C'(X,Y") is also complete.

I

Definition 9.13. Suppose X is a compact metric space and Y is a metric space. A
sequence ( f,) of functions f, : X — Y is uniformly Cauchy if it is Cauchy in C(X,Y). <«

An easy variation of Proposition 9.12(ii) is the fact that (f,) is uniformly Cauchy if
and only if for every € > 0 there is an N such that d(f,(z), fm(x)) < € for all n,m > N
and all z € X.

Proof. We will prove that d satisfies the triangle inequality, the other properties of a
metric being easily verified.

Accordingly, let f,g,h € C(X,Y) be given. Given x € X, the triangle inequality in Y
and the definition of d gives,

dy (f(x), h(z)) < dy(f(x),9(x)) +dy(g(x), h(x)) < d(f, )+ d(g, h).

Hence, d(f,g) + d(g,h) is an upper bound for the set {dy(f(z),h(z)) : x € X} and
therefore, d(f,h) < d(f.g) + d(g. ).

Now suppose (f,), a sequence from C(X,Y), converges to f € C(X,Y) in the metric
space (C'(X,Y),d). Given € > 0 there is an N such that if n > N, then d(f,, f) < e.
In particular, for all z € X, dy(f.(z), f(x)) < d(fn, f) < € and (f,) converges to f
uniformly.

Conversely, suppose (f,) converges to f € C(X,Y) uniformly. Given e > 0 there is
an N such that if n > N, then, for all z € X, dy(f.(z), f(z)) < e. Hence, for n > N,
d(fn, f) < € (in fact strict inequality holds) and (f,,) converges to f in C'(X,Y).
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Finally, suppose that Y is complete and that ( f,,), a sequence from C'(X,Y"), is uniformly
Cauchy. Then, for each z € X, the sequence (f,,(z)) is Cauchy in Y. Since Y is complete,
(fu(z)) converges to some f(z). Thus, there is a function f : X — Y such that (f,)
converges pointwise to f.

Now, let € > 0 be given. There is an N such that if n,m > N, then d(f,, fi,) < €. In
particular, dy (f.(z), fm(z)) < € for each x € X and m,n > N. Given n > N and = € X,
choose m > N such that d(f..(z), f(z)) < € (using pointwise convergence) and observe
that

dy (fa(x), f(2)) < dy (fo(2), fn(2)) + dy (fm(2), f(2)) < 2€.

Hence (f,) converges uniformly to f. Since each f, is continuous, so is f, by Theorem
9.6. Thus f € C(X,Y) and (f,,) converges to f. O

Remark 9.14. The unit ball in C([0, 1]) is the set

B={fec(0,1]):d0,f) <1} ={f € C([0,1]) : [ flloc < 1}.
The set B is closed (it is a closed ball in C(]0,1])) and hence complete as C([0,1]) is
complete. It is also bounded - it is contained in the r-neighborhood of 0 for any » > 1.
But it is not compact since f,(z) = 2™ is a sequence from B which has no uniformly
convergent subsequence. See Problem 9.8 for a more general statement. o

9.3. Exercises.

Exercise 9.1. Show that the sequence of continuous real-valued functions (f,,) defined
on the interval (—1,1) by f,(x) = 2" does not converge uniformly, even though it does
converge pointwise to a continuous function.

Exercise 9.2. Show, for a fixed 0 < a < 1, the sequence of real-valued functions (f,)
defined on the interval [—a, a] by f,(x) = 2™ does converge uniformly.

Exercise 9.3. Does the sequence of functions (f,) defined on the interval [0, 1] by

fu(2)

converge pointwise? Does it converge uniformly?

o onx
14 na?

Exercise 9.4. Same as Exercise 9.3, but with
nx
w(r) = ———.
fal) 1+ n2z?
Exercise 9.5. Show, if (f,) and (g,) are uniformly convergent sequences of functions
mapping the set X into R, then the sequence (h,, = f, + g,) converges uniformly too.

Exercise 9.6. Consider the sequence (f,,) where f,, : R — R is defined by f,(z) = x+ %
Show f,, converges uniformly. Does the sequence (f2) converge uniformly? Compare with
Exercise 9.5.
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9.4. Problems.

Problem 9.1. Let X be a set and suppose g : X — R. Define f,, : X — R by f,(z) =
g(x)".
(i) Show, (f,) converges pointwise if and only if the range of ¢ lies in (—1, 1] and in this
case find the pointwise limit; and

(ii) Show, (f,) converges uniformly if and only if there exists 0 < a < 1 such that the
range of ¢ lies in [—a,a] U {1}.

Problem 9.2. Suppose f : [0,1] — R is continuous and let g, : [0,1] — R denote the
function g, (t) = t™ f(t). Show, if (g, ) converges uniformly, then f(1) = 0; and conversely,
if f(1) = 0, then (g,) converge uniformly. [Note that it suffices to assume that f is
bounded and continuous at 1.]

Problem 9.3. Here is an application of Problem 8.20. Suppose ¢ : [0,1] — R is continu-
ous and

1
/ lg(t)|dt < 1.
0
Show, for k € R, that the mapping F': C([0,1]) — C(]0,1]) defined by

F(f)(x) = kz + / " g(t) ()t

is a contractive mapping (see Problem 8.20).
Show that the equation F'(f) = f has a unique solution.

Note that this solution satisfies f' =k + ¢gf and f(0) = 0 (though a proof will have to
wait until after a discussion of differentiation of course).

Problem 9.4. Show, if (f,,) converges to f in C(X,Y’), then (f,) is equicontinuous ; i.e.,
given € > 0 there is a § > 0 such that, for every n, if d(z,y) < 0, then d(f,(z), fu(y)) <e.
(Thus the collection {f,, : n € N} is uniformly uniformly continuous.) (Recall, implicit is
the assumption that X is compact.)

Note that the conclusion holds if (f,,) is a Cauchy sequence from C(X,Y’), not neces-
sarily convergent with a slight modification of the proof for the case above.

Problem 9.5. Let X be a compact metric space. A subset C' of C'(X) is equicontinuous
if for each € > 0 there is a 6 > 0 such that for every f € C and z,y € X with d(z,y) < ¢,

[f(z) = fly)| <e.
If C'is compact, then C'is closed and bounded (in the metric space C(X)). Show that C
is also equicontinuous.

It turns out that the converse is true too, but more challenging to prove. Namely, if C'
is closed, bounded and equicontinuous, then C' is compact.

Problem 9.6. Show, if (f,,) converges to f in C(X,Y) and if (z,) is a sequence from
X which converges to z, then (f,(z,)) converges to f(z). Use this fact to show that the
sequence (h,,) from Example 9.5 (iii) does not converge uniformly. See also Exercise 9.4.
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Note the following variant of this problem. If (f,) is a Cauchy sequence from C(X,Y)
and if (z,) is Cauchy from X, then (f,(z,)) is Cauchy in Y.

Problem 9.7. Prove the following partial converse to Problem 9.6. Suppose X is com-
pact, (f,) is a sequence from C(X,Y) and f € C(X,Y). Show, if (f,(x,)) converges
to f(z) for each x € X and sequence (z,) converging to z, then (f,) converges to f
uniformly. Give an example to show that the assumption that X is compact is needed.

Problem 9.8. Given a point @ in a compact metric space X, let

B 1

- 1+d(a,x)

Let f, : X — R denote the sequence of functions f,(z) = g(x)™ (for n > 1).

g(z)

Recall that a point a € X is an isolated point of X if the set {a} is open in X.
(i) Find the pointwise limit f of (f,);

1)

(ii) Explain why each f,, is continuous;

(iii) Prove that f is continuous if and only if a is an isolated point of X;

(iv) Prove, if a is not an isolated point of X, then the unit ball of C'(X) is not compact;

v) Prove, if the closed unit ball of C'(X) is compact, then every point of X is an isolated
point of X;

(vi) Prove the closed unit ball of C'(X) is compact if and only if X is a finite set.

Problem 9.9. Given a set X and metric space Y, let B(X,Y) denote the bounded
functions from X to Y. Prove that d(f,g) = sup{dy(f(z),g(x)) : x € X} defines a
metric on B(X,Y) and that most of Proposition 9.12 holds with B(X,Y’) in place of
C(X,Y).

10. DIFFERENTIATION

This section treats the derivative of a real-valued function defined on an open set
in R. Subsections 10.1 and 10.2 contain the definitions and basic properties respectively.
Subsections 10.3 and 10.4 treat the Mean Value Theorem and Taylor’s Theorem. The brief
subsection 10.5 introduces the derivative of a vector-valued function of a real variable.

10.1. Definitions and Examples.
Definition 10.1. Suppose D C R, a € D is a limit point of D and f : D — R. The

function f is differentiable at a provided the limit
)~ fa)
Tr—a Tr — Qa
exists. In this case the value of the limit is called the derivative of f at a , denoted f'(a).

If f is differentiable at each point in D, then f is differentiable and in this case f’ :
D — R is called the derivative of f. N

Example 10.2. (i) Fix ¢ € R. The function f : R — R defined by f(z) = c is differen-
tiable and f' = 0.



79

(ii) The identity function g : R — R given by g(z) = x is is differentiable and ¢'(x) = 1.
(iii) The function ¢ : [0,00) — R defined by f(z) = 2 is differentiable at 0.
(iv) The function ¢ : [0, 00) — R defined by ¢(t) = ¢z is not differentiable at 0.

A
Do Exercise 10.1.

10.2. Basic Properties.

Proposition 10.3. Suppose D C R and a € D is an accumulation point of D. If
f D — R is differentiable at a, then f is continuous at a. T

Proof. Since the limit lim,_,, £ (”2:5: @ oxist and and 0 = lim,_., ¥ — a, it follows that

0= 1@%1@:0—@ = lim[f () — f(a)).

An application of Exercise 8.6 shows that the limit lim,_,, f(z) exists and equals f(a). O

Proposition 10.4. Suppose D C R and a € D is an accumulation point of D. If
f,9: D — R are differentiable at a, then

(i) fg is differentiable at a and (fg)'(a) = f'(a)g(a) + f(a)g'(a);
(ii) f + g is differentiable at a and (f + g)'(a) = f'(a) + ¢'(a);
(ili) if ¢’(a) exists and g is never 0 then é is differentiable at a and

(-4

1
Proof. To prove item (i) consider,
F@)gla) + fa)g'(@) = tim T =IO iy gy i S 29 g
i PO @) 0@ =)
T—a Tr —a T—a T — a
o F@)90) — F(a)gla)
r—a Tr — a
The proofs of the other items are similar. 0

The proofs of the chain rule and inverse function theorem, while similar to the proofs
of the items in the proposition above, are more subtle.

Proposition 10.5. [Chain Rule] Suppose U,V C R and a € U and b € V are accumula-
tion points of U and V respectively. If f: U — V and g : V — R are differentiable at a
and b = f(a) respectively, then h = gof is differentiable at a and h'(a) = ¢'(f(a))f'(a).
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Proof. The function
9(y)—g(b)
.
Flyy=q »°

is continuous at b and f is continuous at a (since g and f are differentiable at b and a
respectively). Thus, F' o f is continuous at a by Proposition 8.13 and hence

¢/(b)1'(a) = lim F(f(x)) lim w
= lim F(f () D=
o)~ ()

where the limit of a product is a product of the limits, provided they both exist, has been
used in the second equality. O

Recall Corollary 8.30.

Proposition 10.6. [Inverse Function Theorem I] Suppose f : [a,b] — R is continuous,
strictly increasing, and differentiable at ¢ € [a,b]. If f'(c) # 0, then f=': [f(a), f(D)] —
[a, 0] is differentiable at f(c) and

Proof. For notational ease, let g = f~! and d = f(c). The function

F(z) = {f(mgﬁ ;(C) zFc

% ) r=c
is defined and continuous, including at ¢ by the assumption that f is differentiable at
¢ and Proposition 8.16(iii). Since also g(y) is continuous (by Corollary 8.21) and the
composition of continuous functions is continuous, it follows that

1im 1F(g(y)) = F(g(d)) = F(c).

Noting that F(g(y)) = g( ¢ and F(g(d)) = completes the proof. O

f’( )
Example 10.7. The product rule and induction show that if n € N* and f(z) = 2",
then f is differentiable and f’(z) = nz™"'. Using the quotient rule, the same formula

holds for n € Z, n # 0.

Given n € N*, the function g : (0,00) — (0, 00) defined by g(z) = = is the inverse of
f(x) = 2™ Hence, by the inverse function theorem, g is differentiable and

1oy 1 B 1
g(x)_f’(x)_nx”—l
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Thus, ¢'(z) = %x%’l. That this last formula holds for negative integers follows from the
quotient rule.

Finally, if ¢ = ™ is rational with m,n € Z, n > 0 and f(z) = 27, an application of the
chain rule shows f is differentiable and f’(z) = qz? 1. A

10.3. The Mean Value Theorem. Suppose X is a metric space. A function f: X — R
has a local maximum at a € X if there is an open set V such that a € V C X and if

x €V, then f(a) > f(x).

Proposition 10.8. Suppose W is an open subset of R, a € W and f: W — R. If f is
differentiable at ¢ and if f has a local maximum at a, then then f'(a) = 0. T

Proof. There is an open set a € U C W such that f(z) < f(a) for all x € U. By

assumption, the limit

Tr—a Tr — a
exists. Since U is open in R, there is a sequence (z,,) from U converging to a with x,, > a.
It follows, as f(x,) — f(a) < 0, that

n—00 T, —a

Likewise, choosing a sequence (z,,) from U converging to a with z,, < a shows f’(a) > 0.
Hence f'(a) = 0. O

Proposition 10.9. [Rolle’s Theorem| Suppose f : [a,b] — R is continuous, and f is
differentiable at each point in (a,b). If f(a) =0 = f(b), then there is a point a < ¢ < b
such that f'(¢) = 0. T

Proof. Since f is continuous and real valued on a compact set f has both a maximum and
minimum. Since f(a) = f(b), at least one of either the maximum or minimum occurs at
a point a < ¢ < b (of course it is possible for both the maximum and minimum to occur
at the endpoints in which case f is identically 0). By Proposition 10.8, f’(¢) = 0. O

Theorem 10.10. [Mean Value Theorem, Cauchy’s Version] If f, g : [a,b] — R are contin-
uous, and if both are differentiable at each point in (a, b), then there is a ¢ with a < ¢ < b

so that (f(b) — f(a))g'(c) = f'(c)(g(b) — g(a)).

Proof. Let F(z) = (f(x) — f(a))(9(b) = 9(a)) — (f(b) = f(a))(9(z) — g(a)). Then F(a) =
F(b) = 0 and F satisfies the hypotheses of Rolle’s Theorem. Hence there isa a < c¢ <b

such that F'(c) = 0; i.e., f'(c)(9(b) — g(a)) = (f(b) — f(a))g'(c)- N

Choosing ¢g(z) = = in the Cauchy Mean Value Theorem captures the usual Mean Value
Theorem.

Corollary 10.11. [Mean Value Theorem, MVT] If f : [a,0] — R is continuous, and
if f is differentiable at each point in (a,b), then there is a ¢ with a < ¢ < b so that

f(0) = fa) = f'(c)(b —a). T
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Recall the definition of an increasing function, Definition 8.29.

Corollary 10.12. Suppose f : (a,b) — R is differentiable. The function f is increasing
if and only if f' > 0 (meaning f'(x) > 0 for all x € (a,b)).

Further, if f’(z) > 0 for all = € (a,b), then f is strictly increasing. T

The function f: R — R, defined by f(x) = 2? is strictly increasing, but f(0) = 0.
Do Problem 10.1.

Proof. 1f f is increasing, then, for a fixed point a < p < b and any ¢ € (a,b) with ¢ # p,
fp) = fa)

pP—q

It follows from this inequality that f'(p) > 0.

0.

For the converse, given a < z < y < b, by the MV'T there is a * < ¢ < y such that

fy) = f(@) = )y —2) =0,
where the inequality follows from the assumption that f’ takes nonnegative values and

y —x > 0. Thus f is increasing. If f’ takes only positive values, then f is strictly
increasing. 0

Proposition 10.13. [A version of L’hopitals rule] Let I = (a,b) and f,¢g : I — R and
suppose

(i) both f and g are differentiable;
(i)
lim f(z) = 0 = lim g(z); and;

T—ra T—a

(iii) both g and ¢’ are never 0.

If
f'()
z—a g’(:zj)
exists, then
lim J@) = lim J'(@)

a=a g(x) e g'(z)

t

The articlehttp://en.wikipedia.org/wiki/Johann_Bernoulli#L.27H.C3.B4pital_
controversy gives an amusing account of the (mis)naming of L’hopital’s rule.

Proof. The functions f and g extend to be continuous on [a, b) by defining f(a) = g(a) = 0.
Let /
L = lim / (:B)
r—a g’(x)



http://en.wikipedia.org/wiki/Johann_Bernoulli#L.27H.C3.B4pital_controversy
http://en.wikipedia.org/wiki/Johann_Bernoulli#L.27H.C3.B4pital_controversy
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Given € > 0 there is a 0 > 0 such that if a < y < a + ¢, then

')
L 9 (y)

From the Cauchy mean value theorem and hypothesis (iii), given a < z < a + § there

is a a < ¢ < z such that
f'le) _ fl=) = fla) _ fx)

g g(z)—gla) glx)
Thus, if a < z < a+ ¢, then,

| <e.

f(z)
g(x)

f'(c)
g'(c)

e

10.4. Taylor’s Theorem.

Theorem 10.14. Let [ = (u,v) C R be an open interval, n € N, and suppose f: I - R
is (n 4 1) times differentiable. If u < a < b < v, then there is a ¢ such that a < ¢ < b and

n f(j)a b—a) f(n-i-l)c b— q)+!
f(b):; ( );! Y ((n)—<|— 5 )"

The result remains true with b < a. See Exercise 10.3.

Proof. Define R, : I — R by

n+1

There is a K so that R,(a) = K%
that K = f"+1(c).

Let

and the goal is to prove there is a a < ¢ < b such

(b — z)"+

(n+1)!
Note that ¢ : [a,b] — R is continuous and differentiable at each point in (a,b). Moreover,
w(a) =0 = ¢(b). Thus, by the MVT, there is a a < ¢ < b such that ¢'(c) = 0. Since,

b—x) +K(b—yc)
n! n!

p(z) = Rn(r) =

o(a) = — ) )

9

it follows that
b— )"
0= (—f"(c) + K)( n‘C) .

The conclusion of the theorem follows. O
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10.5. Vector-Valued Functions. Given an open set U C R, the derivative of a function
f : U — RF can be defined coordinate-wise. An alternate, but equivalent, definition
appears later. In any case, if D C R and f: D — R” is differentiable at p € D, then, for
each vector v € R*, the function g : D — R given by g(z) = (f(z),v) is differentiable at

p and ¢'(p) = (f'(p),v).

Problem 10.6 explores the extent to which the MVT extends to vector-valued functions
(of a real variable). You may first wish to do Exercise 10.2.
10.6. Exercises.

Exercise 10.1. Determine which of the following functions f : R — R are differentiable
at 0.

(i) f(z) = x*sin(2) for z # 0 and f(0) = 0;
(i) f(xz) = xsin(2) for  # 0 and f(0) = 0;
(iii) f(z) = 2% for x <0 and f(x) = 23 for z > 0;

(iv) f(z) = |zl
Exercise 10.2. Compute the derivative of f : R — R? defined by

1= ().
Can you find a 0 < ¢ < 1 such that
f'e) = f(1) = £(0)?
Exercise 10.3. Show Taylor’s Theorem remains true if b < a by applying the Theorem
to g(z) = f(—x) and the points —a < —b.
Exercise 10.4. Show, if [ : (a,b) — R is differentiable and f’ = 0, then f is constant.

Show, if f,g: (a,b) — R are differentiable, f’ = ¢’ and there is a point a < y < b such
that f(y) = g(y), then f =g.

10.7. Problems.
Problem 10.1. Consider the function f : R — R given by

Show, f is differentiable and f’(0) > 0, yet there is no open interval containing 0 on which
f is increasing. [You may assume the usual rules of calculus in which case differentiability
of f away from 0 is automatic. Thus, you need to show that f is differentiable at 0 and
the derivative at 0 is positive. Using Corollary 10.12, to finish the problem it is enough
to show, f’ is not nonnegative on any open interval containing 0.]

Problem 10.2. Suppose f : R — R is differentiable. Use the MVT to show, if f’ is
bounded, then f is uniformly continuous.



85

Problem 10.3. A function f : (a,b) — R has limit co at a if for every C' > 0 there is a
d > 0 such that if a < x < a+ 6, then f(z) > C.

Prove that condition (ii) in Proposition 10.13 can be replaced by
Y . o T
(@) lim g(z) = oo = lim f(z).

Suggestion: Fix a a < y < b. Given z < y, by the Cauchy MVT, there is a t (depending
on this choice of z and y) such that

Deduce that

Proceed.

Problem 10.4. Suppose f : R — R is differentiable. Show, if |f’(¢)] < 1 for all ¢, then f
has at most one fixed point (a point y such that f(y) = y). Show, if thereisan 0 < A < 1
such that |f'(t)] < A for all ¢, then f has exactly one fixed point. [As a suggestion for
the second part, choose any point x1, let z, 11 = f(x,) and use Proposition 5.12.]

Note that the function any function f : R — R of the form f = t + g where ¢ takes
only positive values, is differentiable and |1 4 ¢'(x)| < 1 for all 2 has no fixed points, but
does satisfy |f/(z)| < 1 for all .

Problem 10.5. Let f(z) = sin(z) and let p, denote the n-th Taylor polynomial for f;

le.,
n

pn(x) = Z a;a’,
j=0
where
0 j =0 mod 2;
a; = J—l, j=1 mod4
1 J =3 mod 4.

!
Use Taylor’s Theorem to show that p,(z) converges to sin(z) uniformly on the interval
[—1,1]. (Later we will see that, for any given C, the sequence (£;) converges to 0 from
which it follows that the sequence (p,) converges uniformly to sin(z) on the interval

=¢,Cl)

Problem 10.6. Give an example, if possible, of a function f : [a, ] — R? such that f’ is
continuous, but for each ¢ € [a, b],

f(b) = f(a) # f' () (b— a).

Prove, if f : [a,b] — R¥ is continuous and is differentiable at each point in (a,b), then
there is an a < ¢ < b such that

1£(6) = f(@ll < [1f' ()| (b — a).
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(Suggestion: Let u be a unit vector in the direction of f(b) — f(a) and apply the usual
Mean Value Theorem to g(z) = (f(x),u).)

Problem 10.7. Prove the following variant of the second part of Corollary 10.12. Namely,
if b : [a,b] — R is continuous and differentiable at each point in (a,b) and if f'(x) > 0 at
each such point, then f is strictly increasing.

Now assume that f, g : [a,b) — R are continuous, and are differentiable at each point
in (a,b). Assume also that f(a) = g(a) and that f'(x) > ¢'(z) for all x € (a,b). Prove
that f(z) > g(x) for all z € (a,b).

Problem 10.8. Show, if f : R — R is differentiable, then between any two zeros of f
there is a zero of f’.

Using induction, prove that a (real) polynomial of degree n can have at most n distinct
real roots. (Don’t use the Fundamental Theorem of Algebra to do this problem. The
Fundamental Theorem of Algebra says that over the complexr numbers, any polynomial
can be factored essentially uniquely into linear terms. It’s much deeper and much harder
to prove than the result of this problem.)

Problem 10.9. Let X and Y be metric spaces. A function f : X — Y is called Lipschitz
continuous at py € X if there exist K,d > 0 such that

(5) dy (f(p), f(po)) < Kdx(p,po)

for all p € Ns(po). We call f Lipschitz continuous (or just Lipschitz)—with no “at py”—if
there exists K > 0 such that

(6) dy (f(p), f(q)) < Kdx(p,q)

for all p,q € X. We call f locally Lipschitz if for all pg € X, there exists 6 > 0 such that
the restriction of f to Ns(po) is Lipschitz continuous.

(Note that “locally Lipschitz” is stronger than “Lipschitz continuous at every point;” for
the latter, there would be a K (g) that works in (6) for each ¢ € X and all p sufficiently close
to ¢, but there might not be a single K that works simultaneously for all p, ¢ sufficiently
close to a given py. Somewhat more logical terminology for “locally Lipschitz” might
be “locally uniformly Lipschitz”, and a similar comment applies to “Lipschitz function”
[with no “locally”]. Some mathematicians do insert the word “uniformly” in these cases,
but most do not.)

(a) Prove that if f : X — Y is Lipschitz continuous at py € X, then f is continuous

at Po-
(Note: the converse is false. For example, the function [0,00) — R defined by
x — /7 is not Lipschitz continuous at 0.]

For the remainder of this problem, let U C R be an open interval, and f : U — R a
function.

(b) Let zg € U. Prove that if f is differentiable at xy, then f is Lipschitz continuous
at xg.
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(c) Prove that if f is differentiable, and the function f’: U — R is bounded, then f
is Lipschitz continuous.

(d) Prove that if f is differentiable, and the function f’ : U — R is continuous, then
f is locally Lipschitz.

Problem 10.10. Show that the conclusion of Proposition 10.6 holds assuming only that

(i) D,E CR;
(ii) ¢ € D is a limit point of D,
(iii) f: D — E has an inverse g; and
(iv) g is continuous at d = f(c).
Problem 10.11. Suppose f : R — R is differentiable and f’ is differentiable at 0. Show

f”(O) — lim f(h) + f(_h) B 2f(0)

h—0 h?

11. RIEMANN INTEGRATION

This chapter develops the theory of the Riemann integral of a bounded real-valued
function f on an interval [a,b] C R. The approach used, approximating from above and
below, is very efficient and intuitive, though a bit limited because it relies on the order
structure of R.

11.1. Definition of the Integral.

Definition 11.1. A partition P of the interval [a,b] consists of a finite set of points
P={a=zy<z<--- <z, =0}

Given the partition P, let A; = x; — x;_1. Given a bounded function f : [a,b] — R, let
m; =inf{f(z) : zj_1 <z <z;}
M; =sup{f(x):z;_1 <z <ux;};
define the lower and upper sums of f with respect to P by

j=1

U(P, f) =) _ M;A;;
j=1
define the lower and upper Riemann integrals of f (on [a,b]) by

b
/ fdx =sup{L(P, f): P}

b
/ fde=inf{U(P, f): P}.

Finally, say f is Riemann integrable on [a,b] if the upper and lower integrals agree. The
set of Riemann integrable functions on [a, ] is denoted by R([a,b]). In this case, the
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common value of the upper and lower integrals is the Riemann integral of f on [a,b],

denoted ,
/ fdx.
¢ <

Example 11.2. For the function f : [0,1] — [0, 1] defined by f(z) =1 it is evident that
U(P,f)=1= L(P, f) for every P. Hence f is Riemann integrable and

1
/ ldx = 1.
0

AN

Example 11.3. Let g : [0,1] — [0, 1] denote the identity function, g(z) = z. Given a
partition P as in the definition, observe,

U(P,g) =Y xj(x; — x;-1)
j=1
"1
> 5 @5+ 2j-1) (2 = 25-1)
j=1

Iem o 5 1

Hence the upper integral of ¢ is at least % A similar argument shows the lower integral
is also at most %

Given a positive integer n, let P, denote the partition
J .
Pn:{l']:ﬁ :O,...,n}.

The corresponding upper and lower sums are easily seen to be

il n+1
U(ng) :Z__ -

—~nn 2n
7j=1
and .
~—jl n-1
L(P, g) = =
( 9) pars nn 2n

It follows that

and

Thus the upper and lower integrals are both % Consequently ¢ is integrable and its
integral is % A
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Do Problem 11.1.

Example 11.4. Let f : [0,1] — R denote the indicator function of [0,1] N Q. Thus
f(z) =1if z € Q and f(x) = 0 otherwise. Verify, for any partition P of [0, 1], that
L(P,f)=0and U(P, f) = 1. Thus

_/Olfdx:0<1:/:fdx

and so f is not Riemann integrable (on [0, 1]). A
Remark 11.5. If f : [a,b] = R and P is a partition of [a, b], then
L(P, f) <U(P, f).

o
Definition 11.6. Let P and @ denote partitions of [a,b]. We say @ is a refinement of P
if P C ). The common refinement of P and Q) is P U Q. <
Lemma 11.7. Suppose f : [a,b] — R is bounded and P and @ are partitions of [a, b].
(i) If @ is a refinement of P, then
L(P, f) < L(Q, f) <UQ, f) U(P, [).
(ii) If P and @ are any partitions of [a, b], then
L(P, f) <U(Q, f).
(iii) In particular,
b b
/ fdx S/ fdx.
T

Sketch of proof. The middle inequality in item (i) has is evident from the definitions (as
already noted). The first and third inequalities can be reduced to the following situation:
P ={a < b} and Q = {a <t < b} where the result is evident.

To prove item (ii), let R denote the common refinement of P and @ and apply (i)
(twice) to obtain

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

To prove (iii), fix a partition Q. Since L(P, f) < U(Q, f), for all partitions P, it follows
that

b
[ rar<v@n.
Since this inequality holds for all Cé, the result follows. O

Example 11.8. Returning to Example 11.3, observe that, an application of Lemma 11.7
avoids the need to first show that that the upper and lower integrals are bounded below
and above respectively by % AN

Do Problem 11.2.
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11.2. Sufficient Conditions for Integrability.

Proposition 11.9. If f : [a,b] — R and f is bounded, then f € R([a,b]) if and only if
for each € > 0 there is a partition P of [a, b] such that

U(P,f)— L(P, f) < e.
T

Proof. First suppose f € R([a,b]) and let € > 0 be given. There exists partitions @, .S
such that

b
/ fdr <L(Q, f)+e€

b
/ fdx >U(S, f) —e.
Since the upper and lower integrals are equal, it follows that

LQ,f)+e>U(S, f) —e

Choosing P equal to the common refinement of () and S and applying Lemma 11.7 gives,
L(P, f)+e>U(P, f) —e.

Hence,
0<U(P f)—L(P, f) < 2

and the proof of one direction of the proposition is complete.

The estimate , Y
wep< [ taos [ rae<ues
proves the converse. [

Corollary 11.10. If f : [a,b] — R is bounded, then f € R([a,b]) if and only if there is an
I € R such that for each € > 0, there exists a partition P = {a = 2o < 21 < --- < x, = b}
such that for any z;_1 < s; < 5,

1= f(s)A] <e
j=1
In this case, I is the integral of f. ]

The proof is Problem 11.4.
Theorem 11.11. If f is continuous on [a,b], then f € R([a,d]).

Proof. Let € > 0 be given. Since f is continuous on the compact set [a,b], f is uniformly
continuous. Hence, there is a § > 0 so that if @ < s,& < b and |s — t| < ¢, then

[f(s) = f(B)] <e.
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Choose a partition P of [a,b] of width less than 0; i.e., a = 9 < z1...x, = b with
A; < 6 for all j. It follows that M; — m; < e. Hence

An appeal to Proposition 11.9 completes the proof. 0
Do Problems 11.5 and 11.6.
Proposition 11.12. If f : [a,b] — R is increasing, then f € R([a,b]). T

Proof. Let € > 0 be given. Choose a partition P = {a =y < 1 < --- < z,, = b} so that
A; < e. Since, by the increasing hypothesis,

M; —mj = f(x;) — f(xj-1)

we have
U(P.f) = L(P.f) =) _(f(x;) = fla;-1))A,;
j=1
<D (flay) = flaja))e
j=1
=(f(b) — f(a))e.
Once again, an application of Proposition 11.9 completes the proof. O

Proposition 11.13. Suppose f : [a,b] — R is bounded. If f is continuous except at
finitely many points, then f € R([a,b]). T

Sketch of proof. Here is the proof in the special case that f is continuous, except possible
at the point a < ¢ < b.

Let M and m denote the supremum and infimum of the range of f. Let € > 0 be given.
Choose § so that

O<5<min{M ‘ c—a,b—c}.

Momil
The function f restricted to the interval [a,c — ] is continuous and hence integrable by
Theorem 11.11. Thus, by Proposition 11.9, there is a partition @ of [a,c¢ — 4] such that

U(Q. f) = L(Q, f) < e
Likewise there is a partition R of [c + 0, b] such that
UR,f)— LR, f) <e.
Let P = QU R. Then P is a partition of [a,b] and
U(P, f)~L(P, f)
=[U(Q, f) = L(Q, /] + (M. —m.)20 + [U(R, f) — L(R, f)]
<€+ 2(M —m)d + € < de,

where M, and m, are the supremum and infimum of f on [c — §, ¢ + 0] respectively. O
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Theorem 11.14. Suppose f € R([a,b]) and f : [a,b] — [m,M]. If ¢ : [m, M] — R is
continuous, then h = ¢ o f € R([a,b]).

Proof. Let € > 0 be given. By the uniform continuity of ¢, there exists a 0 < § < € so
that if m < s,t < M and |s — t| <, then |p(s) — ¢(t)| < e.
Choose a partition P = {a = xy < z; < -+ < x,, = b} such that U(P, f)—L(P, f) < 6%
Let
M; =sup{f(x):z;1 <x<ux;}
m; =inf{f(z) : zj_1 <z <z}
M3 =sup{h(z) : v <z < 25}
M} =inf{h(z) : 71 <z <25}

Thus, we have,
n

Z(M] — mj)Aj < 52
j=1
and it suffices to prove

n

U(P,h) = L(P,h) =Y (M7 —m})A; <.

J
J=1

Let A={j: M; —m; <6} C {1,2,...,n} and let B ={j: M; —m; > d}. Observe,
52 > Z(MJ — mj)Aj > 5ZAJ
jEB jEB
Thus,
(7) d A<
jEB
On the other hand, M; —m} < ¢, for j € A. Thus, with K = sup{|h(z)|:a <z < b},
U(P,h) — L(P,h) =Y (M7 —m3)A; + Y (M; —m5)A,

jeA jEB
<eY A +2K Y A,
jeA jeB
<e(b—a)+2Ke
=€[(b—a) + 2K].
An application of Proposition 11.9 completes the proof. O
Remark 11.15. There is a simple proof, which you are asked to provide in Problem 11.8,

in the case ¢ is Lipschitz continuous; i.e., if there is a C' > 0 such that ift m < s,t < M,
then [p(s) —(t)] < Cls —t.

Given an subset D of R, a function f : D — R is continuously differentiable if it is
differentiable and f’ : D — R is continuous. If ¢ is continuously differentiable (on a
closed bounded interval), then it is Lipschitz continuous.
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Regardless of the domain, a Lipschitz continuous function is automatically uniformly
continuous. On the other hand, the function ¢(z) = \/|x| on the interval [0,1] is not
Lipschitz continuous, though it is uniformly continuous. o

Corollary 11.16. If f € R([a,b]), then so are

(i) [f[7 for p = 0;
(i) /. = max(/,0};
(i) f- = min{f,0}; and

t

Proof. The function ¢(t) = |t|? is continuous for p > 0. (Actually, to this point, it has
been shown that [¢|P is continuous for rational p only. Later in this section Problem 11.15
explains how to handle general p > 0.)

To prove (ii), consider ¢ : R — R given by ¢(t) = max{t,0} = (|t +¢).

To prove (iii), consider ¢(t) = —MT_t. O

11.3. Properties of the Integral. Here is a list of properties of the Riemann Integral.
The proofs are mostly left to the reader.

Proposition 11.17. If fi, fo € R([a,b]) and ¢, ¢y are real, then ¢ f1 + cofs € R([a, b))
and

/b(clf1+czf2)da::cl/abflda:+02/abedx_

a

I

Remark 11.18. The proposition says R([a,b]) is a (real) vector space and the mapping

I : R([a,b]) — R determined by the integral is linear. ©
Do Problem 11.10.

Corollary 11.19. If f,g € R([a,b]), then so is fg. T

Proof. By the previous proposition f + g € R([a,b]). By the corollary to Theorem 11.14
and several more applications of the previous proposition, it then follows that fg =

s +9)° = 12— g% € R([a, b). O
Proposition 11.20. If fi, fo € R([a,b]) and f; < fo, then

/ﬁm</ﬁm

In fact, if f1, f2 : [a,b] — R are bounded and f; < fs, then

<[ﬁmgl%m
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and

]iﬁdxgu]Zﬁdx
T

It turns out that if f; and f, are integrable and f; < f> (meaning fi(z) < fo(z) for all

x in the interval), then in fact
b b
/ f1 dx < / f2 dl’,

though the proof is more involved than that of the Proposition. See Problem 11.12.
Corollary 11.21. If f € R([a,b]), then

|/ fdx|</ /] da.

Proof. Use |f| > +f and the previous proposition twice. O

Do Problems 11.13 and 11.14.
Proposition 11.22. If f € R([a,b]) and a < ¢ < b then f|, g € R([a,c]) and

LHMZAVM+L%M.
T

11.4. The L? norms. Fix a < band 1 < p < oo. For f € C([a,b]), the function |f[? is
integrable and, by Problem 11.5,
/ 7 de =0

if and only if f = 0 (is the zero function). It turns out that the function ||-||, : C([a,b]) —
0, 00) defined by

b 1
I, = ([ 171 do)’
is a norm on the vector space C([a,b]). For p =1 it is easy to show || - ||; is a norm.

It is easy to see that the mapping (-,-) : C([a,b]) x C([a,b]) — R defined by

b
{f,9) = / fgdx
is an inner product on C([a,b]) and hence,

[fll2 = V{5 /)

is a norm on C([a, b]).
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The norms || - ||, give rise, in the usual way, to metrics on C([a, b)),

dp(f,9) = IIf = 9llp-
The limiting case (as p tends to infinity) gives the uniform metric,
[flloe = max{[f ()| : @ < < b}
(See Problem 11.6.)
For 1 < p < oo, the metric space (C([a,b],d,) is not complete. Constructing the
completion of (C([a,b],d;) naturally leads to the notion of Lebesgue measure and the
Lebesgue integral, topics for a more advanced course in analysis.

11.5. Integration and Differentiation.

Theorem 11.23. [Second Fundamental Theorem of Calculus] If f € R([a,b]), then the
function F : [a,b] — R defined by
_ / oL

is continuous. Further, if f is continuous at a < y < b, then F' is differentiable at y and

F'(y) = f(y).

Proof. Let M = sup{|f(z)| : a < 2 < b}. Given € > 0, choose § =
b and z — x < d we have,

F(z) — F(z)| =) / @y di / () di]
/ ()] dt

<M(z—1x) <

M+1 Fora<zr<z<

Thus F' is (uniformly) continuous.

Next, suppose f is continuous at y. Given ¢ > 0, there is a 6 > 0 so that if a <t < b
and |t —y| < 0, then |f(t) — f(y)| <e. Thus,ifa <y <z<band z—y < J, then

F(z) = F(y)
|—— - (y)]
£=Y
= ft)— f(y))dt
U g - s
1 z
< / edt <e.
z2=YJy
A similar argument prevails for a < z < y < b and the conclusion follows. O

Corollary 11.24. If f : [a,b] — R is continuous, then there is a continuous function
F : [a,b] — R such that F is differentiable on (a,b) and F' = f on (a,b). T
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Example 11.25. Consider f : (0,00) — R defined by f(¢) = 1. Define log : (0,00) — R
by

F(z) =log(z) = /11 % dt.

Thus F'(z) = %, from which the usual properties of the log follow. (See Problems 11.16
and 11.15.) In particular log(2) = —log(z).
Note that, by considering appropriate lower sums,
n+1
1

log(n +1) > Z

=/

Since the harmonic series diverges and the log is continuous, it follows that the range of
the log contains [0, c0). Using log(2) = —log(x) it must also be the case that the range
of log contains (—oo,0]. Hence the range of log is all of R.

Since the derivative of log is strictly positive, log is strictly increasing and in particular
one-one. Thus log has an inverse, which is called the exponential function exp : R —
(0, 00).

The usual properties of exp now follow from those of log. (See Problem 11.17.)

Recall, to this point, for positive real numbers z, the power x® has only been defined
for a a rational number. In Problem 11.15 the reader is asked to show log(z®) = alog(x)
for z > 0 and a € Q. In view of this fact, we now define, for x > 0 and a any real number,

z® = exp(alog(z)).
In particular,

exp(1)® = exp(a).
Hence, letting e = exp(1) gives e® = exp(a) and it is customary to denote the exponential
function by e”. A

Theorem 11.26. [First Fundamental Theorem of Calculus] If F': [a,b] — R is differen-
tiable, and F” is bounded, then, for all partitions P of [a, b],

L(P,F) < F(b) - F(a) < U(P, F').
In particular, if F’ € R([a,b]), then

F(b) — F(a) :/bF/dx.

Proof. For notational ease, let f = F’.

Let P = {zp < 1 < --- < z,, = b} denote a given partition of [a,b]. For each j there
exists, by the mean value theorem, a z;_; < t; < x; such that
(8) F(z;) = F(zj-1) = [(t;)(xj — 2j-1).
Summing (8) over j gives and using the telescoping nature of the sum on the left hand
side gives,

(9) F(b) = Fla) =) f(t;)(x; —j-1).
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Further, by Exercise 11.1,
(10) L(P, f) <> f(t)(x; —2;1) <U(P, f).
Combining (9) and (10) gives
L(P.f) < F(b) = F(a) < U(P, f).

Do Problem 11.18.
Corollary 11.27. Suppose F,G : [a,b] — R are differentiable. If F’, G’ are Riemann
integrable on [a,b], then FG' and GF" are Riemann integrable on [a, b] and

b b
/ FG'dx = F(b)G(b) — F(a)G(a) — / F'Gdz.

Proof. The hypotheses imply the function H = F'G is differentiable and its derivative is
Riemann integrable. Hence, by the product rule and the first FTC,

b b b
H(b) — H(a) = / Hdy = / FCdx + / ' Fdz.

Rearranging gives the result. 0

11.6. Integration of vector valued functions.

Definition 11.28. Suppose f : [a,b] — R* is bounded. Writing f = (f1,..., fx), the
function f is Riemann integrable , denoted f € R([a,b]) if each f; € R([a,b]). In this
case the Riemann integral of f is

/abfdx:(/abfldx’---a/abfkda:)eﬂ%k,

Thus the integral of a R*-valued function is defined entry-wise and is a vector in (element
of) R q

Proposition 11.29. Suppose f : [a,b] — R* and f € R([a,b]). If v € R*, then the
function

is in R([a,b]) and

/abfdeU:(/abfdx,w-
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The proof is simply a matter of writing everything out in terms of the standard basis for
R* and using properties of the integral. The details are left to the reader. The proposition
provides a coordinate free way to define the integral of a vector valued function. Namely,
the integral, if it exists, is that unique vector I € R* such that for each v € R¥,

<Lv>:/abfvdx~

Proposition 11.30. Suppose F': [a,b] — R is differentiable. If F’ € R([a,b]), then

F(b) — F(a) = / Pt

The result follows immediately from applying the first fundamental theorem of calculus
coordinate-wise.

Proposition 11.31. Suppose f : [a,b] — R*. If f € R([a,b]), then ||f|| € R([a,b]), and

[ sl < [ isa

Proof. By hypothesis, each f; € R([a,b]). Thus each |f;]* € R([a,b]) by Corollary 11.16
part (i) (with p = 2). Since the sum of integrable functions is integrable, g = Y |f;]* €
R([a,b]). Finally, another application of Corollary 11.16 (this time with p = 1) implies

£l = O 1£%)2 € R([a, b))

Assuming it is not 0, let u denote a unit vector in the direction of the integral of f and
estimate, using Proposition 11.29 and the Cauchy-Schwarz inequality,

||/abfdfc|| =|</abfdx,u>|

:|/ (f,u) dr]
< [ 1) da

< [ ISl de.

Since ||u|] = 1 the desired inequality follows. O
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11.7. Differentiability of a limit.

Theorem 11.32. Suppose f, : (a,b) — R is a sequence of continuously differentiable
functions which converges pointwise to f : (a,b) — R. If the sequence of functions f/ :
(a,b) — R converges uniformly to ¢ : (a,b) — R, then f is differentiable and f’ = g.

Proof. Fix a point a < ¢ < b. From the first fundamental theorem of calculus, for

a<x<b, )
fa(@) = fule) = / F(t) dt.

The uniform limit g of f! is continuous and thus integrable on closed subintervals of (a, b)
and moreover, by Problem 11.14,

[[roae [

for a < x < b. Since f,(x) and f,(c) converge to f(x) and f(c) respectively,

f(2) = f(0) + / “g(tdt.

From the second fundamental theorem of calculus and using the fact that ¢ is continuous,

f'(z) = g(x). O
11.8. Exercises.

Exercise 11.1. Suppose f : [a,b] — R is a bounded function and P = {a = 2o < z1 <
- < x, = b} is a partition. Show, if z;_; <t; < z;, then

L(P, f) < Zf(tj)(iﬁj —xj1) <U(P, f).

The sum above is a Riemann sum.

Exercise 11.2. Give an example of a sequence (f,) of Riemann integrable functions
f :[a,b] — R that converge pointwise to a bounded function f which is not Riemann
integrable.

Exercise 11.3. Define f,, : [0,1] = Rby f,(z) =nif0 <z < + and f,(z) = 0 otherwise.
Explain why each f, is Riemann integrable, the sequence (f,) converges pointwise to a
Riemann integrable function, but

lim fn dr # / fdz,
n—oo

even though the limit on the left hand side exists. Compare with Problem 11.14.
Exercise 11.4. Let f : [-1,1] — R denote the function with f(z) = 0 for x # 0 and

f(0) = 1. Show f € R([—1,1]) and
/1 fdx =0.
-1

Compare with Problem 11.5 and 11.12. See also Problem 11.9.



100

11.9. Problems.

Problem 11.1. Let f : [-1,1] — R denote the function f(z) = 1if 0 < 2z < 1 and
f(z) = 0 otherwise. Prove, directly from the definitions, that f € R([—1, 1]) and

/llfdle.

ij = %n(n +1)(2n+1).

Problem 11.2. Recall that

j=1
Use this formula, the definition and Lemma 11.7 to show A : [0,1] — R defined by
h(x) = x? is Riemann integrable.

Problem 11.3. Suppose f : [a,b] — R is Riemann integrable. Prove,

lim /fda:—/fdx
c—b,c<b

Problem 11.4. Prove Corollary 11.10. [Suggestion: See Exercise 11.1.]

Problem 11.5. Suppose f : [-1,1] — R takes nonnegative values. Show, if f is inte-
grable, continuous at 0 and if f(0) > 0, then

1
/ fdx > 0.
—1

i [l = [/

Here the limit is taken through n € N* (so is the limit of a sequence).

Problem 11.6. Prove,

Problem 11.7. Show, for 1 < p < oo, the metric spaces (C(]a, b], d,) are not complete.

Problem 11.8. Give a simple proof of Theorem 11.14 under the assumption that ¢ is
Lipschitz continuous. See Problem 2.9.

Problem 11.9. Suppose f, g : [a,b] — R and f and g are equal except possible at a point
¢ with a < ¢ < b. Show, if f is Riemann integrable, then so is g and moreover,

b b
/fdx:/gda:.

Note that, by induction, the result holds if f and g agree except possibly at finitely many
points. Compare with Exercise 11.4 and Proposition 11.13.

Problem 11.10. Prove Proposition 11.17. [Suggestion: Use Corollary 11.10.]

Problem 11.11. Show, if f : [0, 1] — R is bounded and the lower integral of f is positive,
then there is an open interval on which f > 0. (Compare with problems 11.5 above and
11.12 below.)

Problem 11.12. (a) Returning to Problem 11.5, give an example where the conclusion
fails if f is not assumed continuous at 0 (but still assumed integrable).
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(b) Consider the following variant of the function from Example (8.2) (v) Define f :
0,1] = Rby f(x) =1if z ¢ Q and f(x) = —,Wherex—p,pEN q € N*, and
ged(p, q) = 1. Show that f takes only positive Values, yet the lower integral of f is 0.
Show f is not Riemann integrable.

(¢) Suppose now that f : [a,b] — R is bounded. Show, if f > 0 and the upper integral of
fis 0, then f is zero on a dense subset of [a, b] by completing the following outline.

(i) Show, if I = [a, ] C [a, b] is any nontrivial (meaning o < ) closed subinterval,
and € > 0, then there is a further nontrivial closed subinterval J of I on which
0<f<e

(i) Starting with I = I, construct a nested sequence I,, of nontrivial closed subin-
tervals, Iy D Iy D I D ... such that 0 < f(x )_lforxel

(iii) Conclude that there is a pomt y € NP1, and moreover, f(y) = 0.
(iv) Conclude that every open interval in [a b] contains a point y such that f(y) = 0.

(v) Conclude that the set Z(f) = {y € [a,b] : f(y) = 0} is dense in [a, b].

Finally, conclude, if f : [a,b] — R is Riemann integrable, f > 0, and f > 0 on an

open set, then the integral of f is positive.

Problem 11.13. Prove Proposition 11.20.

Problem 11.14. Suppose f, : [a,b] — R is a sequence of Riemann integrable functions
which converges uniformly to a function f : [a,b] — R. Prove, f € R([a,b]) and

lim fnde‘—/ fdx.

n—oo

[Suggestion: First observe that f is bounded and you may wish to apply Proposition
11.20]

Problem 11.15. Prove for a € Q and z € R™ (meaning z is a positive real number),
that log(z®) = alog(z). Suggestion, consider g(z) = log(xz*) and compute ¢'(x).

It now makes sense to define 2" = exp(rlog(z)) for r € R.

Problem 11.16. Let f(x) = log(z). Given a > 0, let g(z) = f(ax). Prove, ¢'(z) = f'(x)
and thus there exists a ¢ so that g(z) = f(x) + c. Prove, ¢ = log(a) and thus log(az) =
log(a) + log(z). (See Exercise 10.4.)

Problem 11.17. Prove exp(a + b) = exp(a) exp(b) and exp(ab) = exp(a)’.

Problem 11.18. Suppose f : [a,b] — R is continuous and ¢ : [«a, 5] — |a, b] is strictly
increasing and continuously differentiable. Show,

»(B) B
[0 L / Fo(t) () dt

Problem 11.19. Suppose (s,) is uniformly distributed in [0, 1], meaning, for each 0 <
a<b<l,

. [{k <n: s € la,b]}

n—o0 n

=b—a.




102

Show, if f:[0,1] — R is Riemann integrable, then

i fGs)
hm]T—/o fdx.

n—oo

12. SERIES

Numerical series and power series are the subjects of this section. While it is possible
to work over the complex numbers C or even in a normed vector space, the exposition
here focuses on real-valued sequences and series. In particular, throughout this section a
sequence (a,) is a numerical sequence; i.e., a, € R.

Much of the theory depends on the following elementary identity for » € R. Namely,
(11) L=r)) o/ =1—r""
j=0

Use will also be made of the inequalities

2" —1 1
2%
7=1

IN

S ()"
(12) Y

n—1
1 1., 1
o 2" <25
— J
m=0 7j=2
valid for natural numbers n and positive real numbers p. Both inequalities are obtained

by grouping terms as follows:

=1 1 1 1 1 1 1 1
ity )t b )
j:
and
21111 1 1 1 1
> = T ) T ) e e b )
]:

Do Problem 12.1.

12.1. Some Numerical Sequences. Recall that the sequence (a,) from R converges if
there is an A € R such that for every ¢ > 0 there is an N such that if n > N, then
la, — A| < €. In this case the sequence is said to converge to A and A is the limit of the
sequence, written

lim a, = lima, = A.
n—o0

Recall also, that if a sequence converges, then its limit is unique.

It is also convenient to introduce the following notion. A sequence (a,) from R diverges
to oo, denoted

lim a, =
n—oo
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if, for every C' > 0 there exists an N such that a,, > C for all n > N.
Proposition 12.1. Suppose r,p € Rand 0 <r <1 and 0 < p.

(i) The sequence (r™) converges to 0;
(ii) For each k € N, the sequence (n*r") converges to 0;

)
(iii) The sequence (p=) converges to 1:

(iv) The sequence (@) converges to 0;

(v) For p real, the sequence (n=) converges to 1.

f

The proofs use Theorem 4.12 (a bounded increasing sequence of real numbers converges)
in several parts.

Proof. Ttem (i) and item (ii) in the case that k& = 1 is the content of Proposition 4.21.
Problem 4.9 handles the case & > 1 in item (ii).

Item (iii) and item (iv) in the case p = 1 is Proposition 4.6. Using the fact that log is
continuous, it follows that

1
0 =log(l) = lim log(n%) = lim M.
n—00 n—00 n
In particular, for p € R,
1 p
0= lim plog(n) = lim log(n~).
n— o0 n n— o0

Using the fact that exp is continuous, it now follows that

1 =exp(0) = lim n~.

n—o0

12.2. Numerical Series. Given a sequence (a,)5,, the series

(13) Zaj = Zaj,

is the sequence (s,) of partial sums,

(14) Sp = Zaj.
j=k

The series converges if the sequence (s,,) converges and in this case we write

o0

E a; = lim s,,.

i=k

Thus we have used the same symbol to denote the sequence (s,) and, if it converges, its
limit. Otherwise the series does not converge.
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If (s,) diverges to oo, the the series diverges to infinity, written
o0
Z a; = OQ.
j=k

Example 12.2 (The Geometric Series). The series > 77 is known as the geometric series.
Using (11), it is easy to show, if |r| < 1, then

[e.e]
, 1—r
7=0
if » > 1, then
¥ o
and if r < —1, then the series >/ does not converge. A

Do Problem 12.3.
Proposition 12.3. Consider the series (13) and its partial sums (14)

(i) The series (13) converges if and only if, for each £ > k, the series >, a; converges;
(i) If a; > 0 for all j, then the series (13) converges if and only if the partial sums (s,,)
form a bounded sequence; i.e., if and only if there exists a constant M such that

Sn < M for all n;
(iii) If there exists an ¢ > k and a sequence (b;) such that b; > a; > 0 for all j > ¢ and

> b,
j=¢

converges, then the series (13) converges;
(iv) If there exists an ¢ > k and a sequence (b;) such that a; > b; for all j > ¢ and

> b,
=t

diverges to infinity, then the series (13) diverges to infinity;
(v) The series (13) converges if and only if for every € > 0 there is an N such that for

alln >m > N,
| ) gl <e

j=m+1

o]
>yl
=k

converges, then so does the series (13) and moreover,

o0 oo
Dl <D lagl
j=k j=k

(vi) If the series
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(vii) If the series (13) converges, then (a,) converges to 0.

t

Remark 12.4. In this case (where a; > 0), if the sequence is not bounded, then the
series diverges to oco.

Items (iii) and (iv) together are the comparison test.
Item (v) is the Cauchy criteria (which applies since R is complete).

If > |a;| converges, then ) a; converges absolutely. Thus, item (vi) says absolute
convergence implies convergence.

If the series (13) converges, but the series ) |a;| = oo, then ) a; is said to converge
conditionally . An example of a conditionally convergent series is the alternating harmonic
series, see Example 12.12 below. o

Proof. To prove (i), note that the sequence of partial sums
tn:: zz:aj
j=¢

for the series Z;ie a; are related to the partial sums s, for the original series by,
t, = 8, — C,
where ¢ = 2539 aj. Hence (t,) converges if and only if (s,) converges.

For item (ii), if a; > 0 for all j, then (s,,) is an increasing sequence. Thus (s,,) converges
if and only if it is a bounded sequence.

To prove item (iii), let s/, denote the partial of the series,

[e.9]

S a

Jj=t
Since the corresponding series with terms b; converges, its partial sums are bounded by
some positive number M. Hence,

S; Zijijcg S;ji:lg f;Al.
j=¢ j=t

Thus (s!,) is bounded and by part (ii) converges. Hence the original series converges by
item (i).

Item (iv) is essentially the contrapositive of item (iii). The details of the proof are left
to the reader.

Item (v) is just a restatement of the Cauchy criteria.

To prove item (vi), let ¢, denote the partial sums

n

tn :IZE:’&jL

J=k
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Observe that, for n > m,

Since (t,) converges, it is a Cauchy sequence. It follows from the inequality above that
(sn) is Cauchy. Hence (s,) converges and item (vi) is proved.

If (s,) converges, then it is Cauchy. Hence, given ¢ > 0 there is an N such that if
n > m > N, then |s, — s,,| < €. In particular, if n > N and m = n — 1, then |a,| < €.
This shows (a,) converges to 0. O]

Example 12.5 (The Harmonic Series). The series

o0
j=1

(.

is the harmonic series.

Since its sequence (s,) of partial sums is increasing and, from the second inequality
in equation (12), the subsequence (sgn) is unbounded, the harmonic series diverges to
infinity. A
Example 12.6 (p-series). More generally, for 0 < p, the series

(e 9]

1
74
=17
is a p-series.

As we have already seen, the series diverges to infinity for p = 1 and thus diverges to
infinity for p < 1 by the comparison test, Proposition 12.3 part (v).

For p > 1, the first estimate of equation (12) shows that the partial sums are bounded
above by

1 .. 2r—1
Z(gpfl) - -1 _1°
m=0
Thus, by Proposition 12.3 part (ii), the series converges. VAN

Do Problems 12.2, 12.4, 12.5, and 12.6.
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12.3. The Root Test. In preparation for the proof of the root test below recall the
notion of the limit superior (limsup) of a sequence of non-negative real numbers (a,).

Definition 12.7. Let (a,) be a non-negative sequence of real numbers. If (a,) is un-
bounded, then lim sup a,, = co. If (a,) is bounded, let

a, = sup{a,, : m > n}.

Thus, («,) is a decreasing sequence which is bounded below by 0 and hence converges to
some L. Set limsupa, = L. q

Theorem 12.8. [root test] Consider the series (13) and let

3=

L = limsup(|a,|)».

(i) If L < 1, then the series converges;
(ii) If L > 1, then (a,) is unbounded (so doesn’t converge to 0) and thus the series does
not converge;
(iii) If L = 1, then the test fails.

Proof. Suppose L < 1. Choose L < p < 1. From Remark 4.29, there is an N so that if
n > N, then

1
(lan])™ < p.
Thus, |a,| < p" for n > N. Hence the series converges by comparison to the geometric

series > .

Suppose L > 1. Choose L > p > 1. For each n there is an m > n such that |a,,| > p™.
It follows that (a,) is not bounded above. Hence, by Proposition 12.3(vi), the series
diverges.

The sequence ((%)%) — (n=) converges to 1 by Proposition 12.1(v). It follows that
hypothesis of part (iii) prevails for all p-series; however some p series converge (p > 1),

while others diverge to infinity (0 < p < 1). Hence, if L = 1, the root test fails. OJ

12.4. Series Squibs. A squib (among other meanings) refers to a short, sometimes hu-
morous piece in a newspaper or magazine, usually used as a filler. It also can mean a
firecracker which burns out without exploding (a dud).
Theorem 12.9. [Ratio test] Let (c¢,) be a sequence of positive real numbers and let

o Cn+41

a, = )
Cn,

(i) If limsupa, < 1, then the series ) ¢, converges; and
(ii) If liminfa, > 1, then the sequence (c¢,) tends to infinity (does not converge to 0)
and hence the series > ¢, diverges to infinity.

Note the asymmetry between the hypotheses of the root and ratio tests. Problem 12.13
shows that the root test is a stronger result than the ratio test, though of course when
it does apply, often the ratio test is easier to use. In the case that the sequence (C’é—zl)
converges, say to L, then the series converges if L < 1 and diverges if L > 1. In the case
that L = 1, the test fails.
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Proof. Suppose L = limsupa, < 1. Choose L < p < 1. By Remark 4.29, there is an N
so that if n > N, then a,, < p. It follows that

Cn S PCn—1-

[terating this inequality and writing n = N 4+ m give
en < pMen = p"(p New)
Thus ) ¢, converges by comparison to the geometric series > p™.
Now suppose L = liminfa, > 1. Choose L > p > 1. There is an /N so that
inf{a, :n > N} > p.
Arguing as before,
CniN = PCN,
which tends to infinity. O
Remark 12.10. The root and ratio tests are rather crude tests for divergence. Indeed,

the sufficient condition in each case implies the terms of the series do not converge to 0.

On the other hand, the root and ratio test can be used to determine whether a sequence
dntl g

an

(a,) of positive terms converges to 0. Indeed, if either limsup |an|% or lim sup
(strictly) less than 1, then lima, = 0. (See Problem 4.9.)

As an example, for r > 0 and fixed,

O

Theorem 12.11. [Alternating Series] If a,, is a decreasing sequence of positive numbers
which converges to 0, then the alternating series

[e.9]

d (~1)a
=k
Converges.

Proof. Let s, denote the partial sums. For a natural numbers m, k with k£ even,

m+k

|3m+k - 3m| - | Z (_1)jaj|

J=m+1
=[(amt1 — Gmr2) + (@mi3 = Ampa) T+ (k-1 — g
:(am+1 - am+2) + (am+3 - am+4) T+t (am-i-k—l - am—l—k)
=0m+1 — (am-i-? - am+3) - (am+k—2 - am+k—1) — Gtk
<Gm+1,

where the decreasing hypothesis is used in the third equality and the inequality.



109

For k odd,
m+k
|Smak — Sm| = | Z (=1)ay]
j=m+1

:|<am+1 - am+2) + (am+3 - am+4) + (am+k—2 - am-l—k—l) + am+k|
=(m+1 — ams2) + (@mts — Gnia) + - (@mtk—2 = Qrk—1) + Gt
=Qm+1 — (am+2 - am+3) - (am+k—1 - a'm-i-k) < Uyt

Since a,, converges to 0, the sequence (s,) is Cauchy and thus converges. 0

Example 12.12. The alternating harmonic series
Z(_l)jﬂl

j=1 J

converges, but not absolutely. Thus it is a conditionally convergent series. A

12.5. Power Series.

Definition 12.13. Let (a,) be a sequence of real numbers. The expression

o
(15) E a;z’
J=0
is a power series. <

Remark 12.14. Let D denote those real numbers x for which the series (15) converges.
The power series (15) determines a function s : D — R defined by

(16) s(z) = Zaj:vj.

Let

(17) Sp = Zajxj.
j=0
denote the partial sums of the power series. The s, can be thought of as either functions

on D or on all of R, as dictated by context.

The following theorem says that D is not too complicated. o

Theorem 12.15. Given the power series (15), let L = limsup |a,|= and let R =
(interpreted as 0 if L = oo, and oo if L = 0).

-

(i) The series converges absolutely for |z| < R and diverges for |z| > R;
(ii) (=R, R) C D C [—R, R] and thus D is an interval; and
(iii) If R" € [0,00] and the series converges absolutely for |x| < R’ and diverges for
|z| > R', then R = R/
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Definition 12.16. The number R is the radius of convergence and the set D is the
interval of convergence. <

Problem 12.9 provides examples showing there is no more general statement possible
about the interval of convergence (domain) of a power series. Do Problem 12.8.

Proof. Let the real number x be given. Let ¢, = a,2™ and note that an application of
Lemma 4.32 gives,

limsup|cn|% = |x| lim sup |an|71l = |z|L.
By the root test if |x|L < 1, then the series converges absolutely, and if |x|L > 1, then
the series does not converge. O

Lemma 12.17. If the power series s has radius of convergence R > 0 and 0 < v < R, then
the sequence (s,) converges uniformly on [—u,u]. In particular the limit s is continuous
on |z| < R. T

Remark 12.18. It is natural to ask, as Abel did, if say the interval of convergence is
I = (=R, R], is then the function f : I — R of Remark 12.14 continuous; i.e., continuous
at R. The answer is yes. See Problem 12.11 o

Proof. Since u is within the radius of convergence of the series, the sequence

n
tn =Y laju’|
=0

converges and thus satisfies the Cauchy condition of Proposition 12.3(v). In particular,
given € > (0 there is an N so that if n > m > N, then

n

€> [ty —tm| = Y lalu.

Jj=m+1
If |z] <wand n >m > N, then

Thus (s,) converges uniformly on [—u,u] and thus converges uniformly to its pointwise
limit s on this interval. Since each s,, is continuous, so is the limit on the interval [—u, u].
Thus the limit s is continuous on (—R, R). O

Lemma 12.19. If the series (15) has radius of convergence R, then both of the series
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(1) oo o(n+ 1ay412™ and;
(11) 22020 n({ﬁlxn

have radius of convergence R too. T

Proof. To prove the lemma, note that, by Lemma 4.32 and by Proposition 12.1(d), that

. 1 . 1 . ap 1
lim sup |na,|» = limsup |a,|» = limsup |n 1 |
Hence all three (the original plus those in (i) and (ii)) have the same radius of convergence.

O

Remark 12.20. It can of course happen that the interval of convergence of the these
series is different than that for the original series. See Exercise 12.3. It turns out that,
compared to the interval of convergence for the original series, the interval in (i) could only
possibly lose endpoints; and that in (ii) could only possibly gain endpoints. Summation
by parts can be used to prove this assertion. See Lemma 13.15 and Problem 13.5. o

Proposition 12.21. Suppose the power series (15) has radius of convergence R > 0 and
let s denote the sum of the series. If 0 < u < R, then s is integrable on [—u,u] and

“ - An  p41
/Osdx—zn+1u )

n=0

The function s is differentiable on |z| < R and

o0

()= (i + Daja’

j=0
l

Proof. On the interval [—u,u] the sequence (s,) converges uniformly to s. Thus, by
Problem 11.14,

Let (t,) denote the partial sums of the series

t(z) = Z(J +1)ajpa’.
=0
By Lemma 12.19, this series has radius of convergences R and by Lemma 12.17, the
sequence (t,) converges uniformly to ¢ on each interval (—u,u), for 0 < u < R. Since also
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s = t,—1, Theorem 11.32 applies with the conclusion that s is differentiable and s’ = ¢
on (—u,u) and therefore on (—R, R). O]

Remark 12.22. Thus power series can be integrated and differentiated term by term. In
particular, a power series (15) is infinitely differentiable within its radius of convergence.
Moreover,

s (0) = apm!

12.6. Functions as Power Series. From the geometric series

1 = .
(18) => 2, |z <1,
7=0

1—x 4

it is possible to derive a number of other series representations.
Differentiating (18) term by term gives

1

o0

=0
Replacing x by —t2 in (18) gives,
1 > L
- 0 <
=0

Integrating this last series term by term gives

oo 2t
arctan(z) = Z(—1)32 oy lz| < 1.
=0 J

Likewise integrating (18) term by term gives

o= """
—log(l —x) = ; , Jz] < 1.
jzoj—i-l

12.7. Taylor Series. The following consequence of Taylor’s Theorem is suitable for es-
tablishing power series representations for the exponential, sine and cosine functions.

Theorem 12.23. Suppose f : R — R. If f is infinitely differentiable and for each = there
is a C, such that

fP)| < C
for all j € N and |y| < |z, then the power series

. £ )
s(z) = Z / (O)x]

=

has infinite radius of convergence and f(x) = s(z). Moreover, this series for f converges
uniformly on bounded sets (to f).
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Proof. Given n € N and z € R, from Taylor’s Theorem there is a ¢ between 0 and = such

that
f(n+1)(c)$n+1
f(x) = sn(z) + ECES

Thus,
‘x|n+1

(@) = sula)] < Cap

where C, depends only upon = (and not on n). Thus it suffices to show that, for a given
x, the right hand side converges to 0 (see Remark 12.10). Hence, for each z, the sequence
(sn(x)) converges to f(z). Consequently s has infinite radius of convergence and thus,
by Lemma 12.17, (s,) converges to f uniformly on every bounded interval (and hence
uniformly on every bounded set). O

Example 12.24. Let f(z) = exp(x) and note f™(z) = exp(z). Since if |y| < |z|, then
exp(y) < exp(|z|) and hence |f™ (y)| < exp(|z|). Theorem 12.23 implies

exp(z) = Zx— z € R.

n!’
Jj=0

Let g(z) = sin(x). Then |¢™ ()| <1 for all n and z. It follows that
JxQJ-‘rl

sin(z :Z
= (25 4+ 1)!

Remark 12.25. If f: R — R is infinitely differentiable and the series
00
|
n=0 n
has infinite radius of convergence, it is natural to ask if f = s. The answer is, without

hypotheses such as those in Theorem 12.23, no as can be seen from the following example
(found in nearly every Calculus text). For the function f given by

fz) = {e‘z x>0

0 <0

(http://en.wikipedia.org/wiki/Non-analytic_smooth_function) it can be shown
that f)(0) = 0 for all j. Thus s has infinite radius of convergence, but s = 0 # f.


http://en.wikipedia.org/wiki/Non-analytic_smooth_function
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12.8. Exercises.

Exercise 12.1. Show if (s,) is an increasing sequence of real numbers and if (s,) has a
bounded subsequence, then (s,) converges. Interpret this result in terms of series.

Exercise 12.2. Test the following series for convergence.

(i)

°°135 —1)
> s

n=1

1- 32 -~ (2n —1)?
Z ..(Qn)2 '

n=1

Exercise 12.3. For the power series,

o0 n

X

let A, B, C denote the interval of convergence of f and the series (i) and (ii) respectively
in Lemma 12.19. Verify, B C A C C.

Exercise 12.4. Find a power series representation for cos(z) and verify that it converges
uniformly to cos(z) on every bounded interval.

Exercise 12.5. Find a power series representation for the error function

erf(x / exp(—t?) dt.
\/_

http://en.wikipedia.org/wiki/Error_function

Exercise 12.6. Show, if (a,) is a sequence of nonnegative numbers and the series

o
>4
j=0

converges, then for every € > 0 there is an M so that if M < N, then
oo
Z a; < €.
j=N

Exercise 12.7. Given a sequence ()5, let a, = b, 11 — b,,. The series,

o0

2

j=0

is a telescoping series. What are its partial sums? When does the series converge.
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Exercise 12.8. Show, if (a,) is a bounded sequence, then the radius of convergence of
the series (15) has radius of convergence at least 1.

Exercise 12.9. Explain why the series,

n=1

converges for s > 0 and diverges for s < 0. It thus determines a function n(s) with domain
(0, 00). Explain why series converges absolutely for s > 1 and conditionally for 0 < s <1
and compare with the situation for a power series, where there are at most two points
where the series converges conditionally. The series here is a Dirichlet Series (which are
more naturally thought of as a function of a complex variable s). For more on Dirichlet
Series see Subsection 13.3.

12.9. Problems.

Problem 12.1. Suppose (a,) a decreasing sequence of positive numbers. Show, for
positive integers n,
1

n—1

>0y < 3 v

j=1 k=0

and likewise,
2n 1 n

k

:E:C%'2i§§§£:2 Aok .
j=2 k=1

Verify the inequalities in Equation (12) are special cases.

Problem 12.2. Suppose (a,) a decreasing sequence of positive numbers. Use Problem
12.1 to show the series Zjio a; converges if and only if the series

9]
E 2J&2j
Jj=0

converges. (You might find Exercise 12.1 useful.)

Determine the convergence of the series

> 1
2 n(log(n))*

n=2
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Problem 12.3. Show, if (a,) is a decreasing sequence of positive real numbers and
2
=0

converges, then limna, = 0. [Suggestion: Observe, lim,,_, a, = 0, for each N and each
n>N,

Zaj > (n— N)ay,
j=N

and use Exercise 12.6.]

Problem 12.4. Suppose (a;) and (b;) are sequences of real numbers. Show, if both

Z a?, and Z bjz-
Zajbj.

[Suggestion: Use the inequality 2|ab| < a? + b, or apply the Cauchy-Schwarz inequality
at the level of partial sums.|

converge, then so does

Problem 12.5. Show, if (a,) is a sequence of non-negative numbers and the series > a;
converges, then so does the series ajz.

Problem 12.6 (Integral Test). Suppose f : [0,00) — [0, 00) is continuous and decreasing.

Show,
> FG)

j=0
converges if and only if

F(x):/omfdt

is bounded above independent of x (meaning there is an M such that F(z) < M for all
x >0).

Problem 12.7. Suppose (a;) is a sequence from R*. Show, if

> layl
20

converges, then

converges in R*.

Problem 12.8. Show, if (a,) is a sequence of non-zero real numbers and
lim |22

n—00

converges with limit L, then the radius of convergence of the power series Y a;27 is R = %

(properly interpreted).
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Problem 12.9. Find the interval of convergence for the following power series.

(i) d_n"2™
(ii) - &
(i) > 2
(iv) > na™.
Problem 12.10. Suppose (a,) is a sequence from a metric space X. Show that the
conclusion of Proposition 5.12 holds if the series Y d(an1,a,) converges.

Problem 12.11 (Abel’s Theorem). Suppose the series s of (15) has radius of convergence
1 and suppose

converges. Prove

Thus, the (function defined by the) series s is continuous at 1.

Here is an outline to follow if you like.

(i) It can be assumed that 37 a; = 0.
(i) With ¢, = > 7_;a;, show if N is a positive integer and [¢;| < C for all j > N, then

forn > N,
=N

D il <Cr—.

i=N+1

In particular, the series

glo) =) taa"
n=0

has radius of convergence at least one.
(iii) Show
s(z) = (1 —xz)g(z), |z <L
(iv) Given € > 0, choose N such [t;| < e for j > N and use, for 0 < z < 1,

€

(1= )ga(e) = (1 =2)[3_ty2! + 3 ;'] < (1= D)[CON + 7]

where g,, are the partial sums of the series g and C' is an bound on the {|t;| : j € N},
to complete the proof.

Problem 12.12. Use Abel’s theorem and the power series representation for arctan(z)

to show ‘
oy
4 2+l
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Problem 12.13. Let (a,) be a sequence of positive reals. Show,

Ant1

lim sup > limsup |a,| "

n

and also

. . Qp41
lim inf —

< liminf ]anﬁ.
[Suggestion: Follow the proof of the ratiz test.]
Problem 12.14. Prove, Bernoulli’s inequality,

(1+2)" > 1+ nz,

for positive integers n and x > —1. [Suggestion: Induct.]

Prove, the sequence (e, = (1 + =)") is increasing. [Suggestion: Observe

n+1
1+n+i-1 " _(1 1 )n+1
1+1 B (n+1)2

and apply Bernoulli’s inequality.]

Prove the sequence (f, = (1 + 1)) is decreasing. [Suggestion: Simplify
141\
1
I+ 5

n

1
- n

and apply Bernoulli’s inequality.
Show,

=0
Conclude (e,,) and (f,,) converge to exp(1). Thus,

1
= lim (1+ —)".
e = lim ( —|—n)

n—o0

Problem 12.15. Prove, for z real and x > —2 and positive integers n that
(I14+2)" > 1+ nx.

[Suggestion: Note that the result is true for n = 1,2 by direct verification. Now suppose,
arguing by induction, that z > —2 and that (1 + 2)™ > 1 4+ ma for all m < n. Write

(1 —|—:E)n+1 — (1 —|—3L’>n_1(1 —|—ZE)2
and apply the induction hypothesis the first term in the product on the right hand side.]

roblem 12.16. Let r, = = — log(n). ow that the sequence 1s bounded below
Probl 12.16. L ;‘1; 1 Sh hat th is bounded bel

(by 0) and decreasing. It thus has a limit known as the Euler-Mascheroni constant
(http://en.wikipedia.org/wiki/Euler%E2%80%93Mascheroni_constant).


http://en.wikipedia.org/wiki/Euler%E2%80%93Mascheroni_constant
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Problem 12.17. Suppose X is a metric space and (f]);’ik is a sequence of functions
fn: X — R. If there exists a sequence (of nonnegative numbers) (M;) such that, for each
nand x € X,

()] < M;

> M,
j=k

and the series

converges, then the series of functions,
n
Fo(z) =) fi(x)
j=k

converges uniformly. This result is the Weierstrass M test.

Problem 12.18. Suppose f : (=R, R) — R is infinitely differentiable and for each j
there is an M; such that |fU)(¢)] < M for each j and t € (=R, R). If

> M=
, J!
7=0
converges, then the Taylor series for f converges to f uniformly on (=R, R).

13. COMPLEX NUMBERS AND SERIES*

The * here indicates that this section is optional. Subsection 13.1 is needed for a later

section on Fourier Series. Let V' = (V,||-||) be a complete normed vector space (a Banach
space). Thus, V is a vector space, || - || is a norm on V' and the metric space V = (V,d)
with d(z,y) = ||z — y|| is complete. An example is of course R* with the usual Euclidean

norm. To a sequence (a,) from V there is the naturally associated series (s,) with

n
Sp — E Qj.
=0

As before, let

(19) Z aj

denote both the sequence of partial sums and its limit, should it exist.

Definition 13.1. The series of Equation (19) converges absolutely if the numerical series
> lal
=0

converges. 4

Most of the facts about numerical series carry over to series from V. The following
proposition gives a sampling of such results.
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Proposition 13.2. For the series S from Equation (19) the results of Proposition 12.3
hold, with the obvious exceptions. In particular, if S converges absolutely, then S con-
verges.

For V. = R*, write a; = (a;(1),...,a;(k)), where a;(¢) denotes the (-th entry of a;.
In this case the series S converges if and only if for each ¢ the series ) a;(¢) converges.
Moreover, in this case,

aj=(Ta;(1) ... Yask).
f

13.1. Complex Numbers. This section contains a review of the basic facts about the
field of complex numbers. Recall that C, the complex plane, is, as a (real) vector space,
R2. A point (a,b) € R? is identified with the complex number a +1b € C and the product
of z=a+1and w=u—+ 1w is

2w = (au — bv) +1(av + bu).
Thus, 22 = —1.

Given z = a+1b # 0, it is natural to write z = r(%—{—zf—f), where r = v/a? + b2. The point

(4,2) lies on the unit circle and thus has the form (cos(t),sin(¢)). Hence, the complex

number z can be written as
(20) z = r(cos(t) +usin(t)).

The number r = v/a? + b? is the modulus of z and is denoted |z|; the number ¢ is the
argument of z; and the representation (20) is the polar decomposition of z.

If 2z = a+ b is a complex number, we sometimes write a = Rz and b = Jz; these
are called the real part and imaginary part of z, respectively. The complex conjugate of
2z = a + ib is defined to be Z := a — 1b. Notice that Rz and Iz can be recovered from z
and Z by the formulas

24z z2—Z
, Qz =
2 21

Rz =
The useful formula
2Z = |z
is readily verified.
Given two complex numbers z = |z|(cos(t) + isin(t)) and w = |w|(cos(s) + isin(s)) a
routine calculation using angle sum formulas for sine and cosine shows,
2w = |z| |w|(cos(s +t) + 2sin(s + t)).

Thus complex multiplication can be interpreted geometrically in terms of the product of
the moduli and sum of the arguments.

A function f : X — C can be expressed in terms of its real and imaginary parts as
J = u+w, where u,v : X — R. The pointwise complex conjugate of f, denoted f, is
given by f =u —w.
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13.2. Power Series and Complex Numbers. Since, as a real vector space, C it is
nothing more than R?, the discussion at the outset of this section applies.

Let (a,) be a sequence of complex numbers. The expression, for complex numbers z,

(21) a;?’,
j=0

is the complex version of a power series.

Theorem 13.3. Either the series of Equation (21) converges absolutely for every complex
number z or there is a real number R such that if |z| < R then the series converges and
if |z| > R, then the series diverges.

In the case that the series converges for all z, its radius of convergence is oo and
otherwise R of the theorem is the radius of convergence.

Example 13.4. The power series

o0

2

=0
has radius of convergence 1 and for |z| < 1 converges to ﬁ For |z| > 1 the series
diverges.

The power series
®  _n
>
=0 "
also has radius of convergence 1 and evidently diverges if z = 1. In particular, the series
does not converge absolutely for |z| > 1. On the other hand, a generalization of the

alternating series test (which will not be discussed) can be used to show that if |z| = 1,
but z # 1, then the series converges (conditionally).

The power series,

B =2

il
=0 J°
converges for all z and thus has an infinite radius of convergence. It defines a function

E : C — C. Note that, in view of Example 12.24, E(z) = exp(x) for z € R. Accordingly
E is the complex exponential and will be denoted by exp or e*. Thus,

E(z) = exp(z) = €°.

Proposition 13.5. E(z +w) = E(z)E(w) for z,w € C. T

The proof of the proposition uses the following lemma which is of independent interest.
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Lemma 13.6. Suppose > a; and > b; converge to A and B respectively and let

m

Cm = E ajbm_j.

J=0

(i) If 3" a; converge absolutely, then > ¢,, converges to AB.
(ii) If both > a; and )" b; converge absolutely, then so does Y ¢p,.

Proof. Let t;, denote the partial sums of the series Z;io b; and observe,

Z Cmym = Zajtn_j = BZCL]' + Zaj(tn_j — B)
m=0 j=0 j=0 j=0

To complete the proof, it suffices to show that the last term on the right hand side above
converges to 0. To this end, let € > 0 be given. There is an N so that |B — t;| < € for
k > N because (t) converges to B and at the same time

[e.e]

Z laj| < e,

j=N

since the series ) | a; is assumed to converge absolutely. Since |B — ;| converges, there is
an M such that |B —t;| < M for all j. For n > 2N,

n n—N n
> an i (B=t)| I anj(B=t)|+] D ani(B—1))]
J=0 Jj=0 j=n—N+1
<> Mlagl+ (O lagl)e
j=N 7=0

B(2)E(w) =Z_O<§;]ﬁ(n§”__ﬂ),
- 1 S m J =]
:;% 2 (j) 2w
S e
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Remark 13.7. The polar decomposition of Equation (20) can be expressed in terms of
the exponential function using the formula,

e = exp(it) = cos(t) + 1sin(t),
valid for ¢ real. See Problem 13.3. o

13.3. Dirichlet Series. For positive integers n and complex numbers s, let

n~* = exp(—slog(n)).
For n fixed, n™% is thus defined for all s € C. Note that

In~| = n "

Given a sequence a = (a,)5%, of complex numbers, the expression

(22) f(s) = Z apn®

is a Dirichlet series. Of course, this series determines a function with domain equal D,,
the set of those s € C for which the series converges. Writing s = o + 1t in terms of its
real and imaginary parts, the series converges absolutely if and only if,

oo
> lanln™
n=1

converges.

The following proposition collects some elementary facts about convergence of Dirichlet
series. The proof are left as an Exercise for the gentle reader. See Problem 13.4.

Proposition 13.8. Suppose C' > 0 and oy is real. If |a,|n~7° < C for all n, then the
Dirichlet series f(s) of Equation (22) converges absolutely for o = Rs > oo + 1.

If the series f(s) converges absolutely at so = g + 1o, then the series converges abso-
lutely for every s with R8s > 0y. Further, in this case, the series converges uniformly on

{s € C: Rs > oy}

Either the series f(s) converges absolutely for all s; fails to converge for all s; or there
is a real number o, such that the series converges absolutely for #8s > o, and does not
converge absolutely for Rs < o,. ]

Definition 13.9. Interpreting o, as either +oo if needed, the number o, is the abscissa
of absolute convergence of the Dirichlet series f(s). <

Example 13.10. For a,, = 1, the resulting series is known as the Riemann zeta function,

((s)=) n

It converges absolutely for ¢ = Rs > 1. It turns out that it diverges if ¢ < 1. For
o < 1 the divergence follows from Theorem 13.12. The case 0 = 1 will not be dealt with
here. A
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Example 13.11. The Dirichlet series

n=1
converges absolutely for o > 1, conditionally for 0 < o < 1 and diverges otherwise. Here,
as usual, s = o + . Thus 7n(s) determines a function, known as the Dirichlet n (or
alternating () function with domain {s € C : s > 0}. A

Theorem 13.12. The Dirichlet series of Equation (22) either converges for all s; converges
for no s; or there is a real number o, such that the series converges for Rs > 0. and diverges
for ks < o.. Moreover, .+ 1 > o,.

Definition 13.13. Again, allowing 0. = oo if needed, o. is the abscissa of (simple)
convergence of the Dirichlet series f(s). q

Remark 13.14. Evidently 0. < 0, The inequality o, < 0.+ 1 follows immediately from
Proposition 13.8. The examples of the zeta and eta functions show that the inequalities
are the best possible. o

The proof of Theorem 13.12 requires a couple of Lemmas, the first of which is known,
for obvious reasons, as summation by parts.

Lemma 13.15. [Summation by Parts] Given complex numbers ay, ..., a,;b1,..., by, let
By = Zle b;. For m > 2,

n

n—1
Z Cljbj = CLan — CLmBm_l — Z Bj(aj+1 - aj).
j=m

j=m

Proof. Observe,

Z a;b; =y, + Z a;j(Bj — Bj_1)
j=m

j=m+1
n n—1
:ambm—i— E (lij - E aj+1Bj
j=m+1 Jj=m
n—1
:ambm + aan — am+1Bm — E (CL]‘_H — Clj)Bj
Jj=m+1
n—1
:CLnB — ijBm,1 — (CLm+1 — am)Bm — E (aj+1 — CLj)Bj
j=m+1
n—1
=a,B,, — a4, By_1 — E (aj+1 — aj)B;
j=m
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Lemma 13.16. Suppose sy = 0q + 2ty and there exists a C' such that for all N € N*,
N
\ Z a,n*°| < C.
n=1
If s=0+1t and 0 > og, then for all m and N,

N
] Z a,n"*°| < 4Cm7°~°.

n=m

Proof. Applying Lemma 13.15 (summation by parts) to n?°~7 and a,n gives,
N N-1
Z a,n’n’ 7 = N "By —m° °B,,_1 — Z((n + 1)7°77 —n?%°7 %) B,,

where
n
B, = E a,n°.
j=1

From the hypothesis, (B,,) is bounded by C. Hence,

N N—-1
| Z anncrnoo—o| < C[Noo—o +moo 4+ Z |<n + 1)00—0 - nUO_UH'

Observe by its telescoping nature,

N-1
Z |<n + 1)0’0—0’ _ no’o—o’ :moo—o _ Ncro—o’
n=m

N
:maofa’(_>0'070' _ 1‘ S 2m0'070'.
m
Since also N7°77 < m?°~7, the conclusion of the lemma follows. O

Lemma 13.17. Suppose the series f(s) of (22) converges at so = o + ttg. If s =0+t
and o > 0y, then the series converges at s. ]

Proof. Here is a sketch of the proof. Let Si(s) denote the partial sums of f(s). If the
series converges at so the partials sums (Si(sg)) are bounded, say by C. The sequence
(m?°=7),, converges to 0 as op—o < 0. It follows that the partial sums of f(s) are Cauchy
by Lemma 13.16. Thus the series converges at s. 0

Proof of Theorem 13.12. Suppose f(s) converges for some, but not all s. Let

7 =inf{oc € R : there exists a ¢ such that f(s = o +t) converges}.

Given o > 7, there exists a ¢ > oy > 7, by the definition of 7 as an infimum. There exists
a ty such that f converges at sg = o0y + 1fp. By Lemma 13.17, the series converges for
every s with Rs > og and for o + .
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On the other hand, if ¢ < 7 and ¢t € R, then f(o + 1) doesn’t converge by the choice
of 7 and the proof is complete. O

Returning to complete the Example 13.10 of the zeta function ((s), note that the series
diverges for s = 0 < 1, but converges absolutely for s = ¢ + 1t when ¢ > 1. Hence, its
abscissa of convergence is 0. = 1 = a,.

13.4. Problems.

Problem 13.1. Determine the radius of convergence and the set of z € C for which the

power series,
> =T
=

converges.

Problem 13.2. Fix a positive integer m. Show that the expression, for z € C,

>

j=0
is a power series. Using the result stated (without proof) in Example 13.4, determine the
set of z for which this series converges.

Problem 13.3. Prove, for z € R,

exp(1r) + exp(—wx) = 2 cos(z).

Find a similar formula for sin(x).

Conclude,
exp(it) = cos(t) + vsin(t)
and thus the representation of Equation (20) can be written as
z =re".
Problem 13.4. Prove Proposition 13.8.

Problem 13.5. Prove the assertion in Remark 12.20.

14. LINEAR ALGEBRA REVIEW

This section reviews linear algebra in the Euclidean spaces R™ in preparation for study-
ing the derivative of mappings from one Euclidean space to another. It is assumed that
the reader has had a course in linear algebra and is conversant with matrix computations.
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14.1. Matrices and Linear Maps Between Euclidean Spaces.

Definition 14.1. A mapping T : R" — R™ is linear if, for all z,y € R" and ¢ € R,
(i) T(x +y) =T(z) + T(y); and
(ii) T(cz) = cT'(x).
In this case it is customary to write Tz instead of T'(x). <
Example 14.2. Verify that the mapping 7' : R? — R? defined by
T(x1,29) = (221,21 + 22)
is linear.
Verify that the functions f, g : R? — R? defined by
f(xq, x9) =(z122, 21 + x2) and;
g(x1,29) =221, 21 + 22+ 1)
are not linear. yaN
Definition 14.3. Let aq, ..., a, € R™ denote the columns of the m x n matrix A so that
A=(a1 az ... an).
If € R™, then the product of A and z is
Az = ijaj € R™.
In particular, a; = Ae;, where e; € R" is the j-th standard basis vector, namely the vector
with a 1 in the j-th position and 0 elsewhere.
Given an m x n matrix A, let ¥4 denote the mapping T4 : R® — R™ defined by
Tax = Ax.

Lemma 14.4. If A is an m x n matrix, then the mapping T4 : R® — R™ is linear. ]
Definition 14.5. Given a linear map 7" : R” — R™, let [y denote the matrix
Ap = (Tel Teq ...Ten) )

Thus 27 is the m x n matrix with j-th column T'e; and is called the matriz representation
of T <

Example 14.6. Compute the matrix representation 27 for the linear transformation in
Example 14.2. A

The following proposition justifies identifying m x n matrices with linear maps from
R"™ to R™.

Proposition 14.7. (i) If A is an m x n matrix, then ¢, = A.
(ii) If T : R — R™ is linear, then Ty, =T



128

It S,T : R* — R™ are linear maps and ¢ € R, then ¢S+ 7T : R* — R™ is naturally
defined by

(cS+T)x =cSr+Tx.

IfT:R" — R™and S : R™ — RP are both linear, then the composition SoT is written
ST, notation justified by the following proposition.

Proposition 14.8. The correspondence between matrices and linear maps enjoys the
following properties.

(i) If A and B are m x n matrices and ¢ € R, then
Tearp =c%4+%Tp.

(ii) If S, T : R™ — R™ are linear and ¢ € R, then ¢S 4 T is linear and moreover,
Aogpr = Rg + LAp.

(iii) If A and B are m x n and p X m matrices respectively, then

Tpa = TpZTa.
(iv) If T:R"™ — R™ and S : R™ — RP? are linear, then so is ST. Moreover,
Agr = AgAr.

(v) If m = n and T is invertible, then its inverse, 77! : R® — R™ is also linear, the
matrix 27 is invertible, and

91;1 — Qlel.
(vi) Likewise, if A is an invertible n x n matrix, then T4 is invertible and
‘3:;11 =T 1.

t

Proof. The first two items are left to the gentle reader as Problem 14.1. The arguments
are similar to those of item (iii) and (iv) to follow.

To prove item (iii), let A and B as in the statement of the proposition be given and
note that, for z € R,

Tpar = BAr = BT qr = Tp(Tax) = TpTax.

For item (iv), given S, T, observe by item (iii) and Proposition 14.7(ii),
Togay = TagTa, = ST
In particular, ST is linear. Moreover, applying Proposition 14.7(i),
Ay = Ay g, = Asr

The remainder of the proof - items (v) and (vi) - is left to the gentle reader as Problem
14.2. 0J
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Now that matrices and linear maps from R" to R™ have been identified, often speak of
a matrix as a linear map and conversely. Let I,, denote the n x n identity matrix. The
linear map it induces is of course the identity mapping A; x = z. Occasionally, we will
write I in place of I,, when the size n is apparent from the context.

Proposition 14.9. Suppose A is an m x n matrix. If m > n, then A is not onto. If
m < n, then A is not one-one.

The matrix A is one-one if and only if Ax = 0 implies z = 0.

For an n x n matrix A, the following are equivalent.

(i) A is invertible;

(ii) A is one-one;

(iii) A is onto;

(iv) there exists an n X n matrix B such that BA = I,, (and in this case B = A™!);
(v) there exists an n x n matrix C such that AC' = I,, (and in this case C' = A™');
(vi) det(A) # 0;

t
Example 14.10. Let T denote the linear transformation from Example 14.2. Verify that
T is one-one and hence invertible. Find 7. A
14.2. Norms on R". Let || - |2 denote the usual Euclidean norm on R™. Thus, for

r=(x1,...,2,),
n
z]3 = Zﬂ?f
=1

In the usual way (R",dy) is a metric space, where da(z,y) = ||z — yllo. Let {e1,...,en}
denote the standard basis for R"; i.e., e; has a 1 in the j-th entry and zeros elsewhere and

n
xr = E xjej.
Jj=1

Let S*™! = {z € R" : ||z||s = 1}, the unit sphere in R". Note that it is a compact set
(in (R™, ds)).

Recall too the ¢; norm on R" defined by

lzlh =) ),

where x = 77 xje; and {ei,...,e,} is the standard orthonormal basis for R™. Let d;
denote the resulting metric. In particular we have,

Izl < v/nllz]l2.

Definition 14.11. Two norms || - || and || - ||« on R™ are equivalent norms if there exists
0 <c < C such that

cllzfl < flefle < O]
for all x € R". <
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Remark 14.12. The metric properties of equivalent norms are the same; i.e., notions
of convergence and continuity are the same. Accordingly, we can freely move between

equivalent norms for many purposes of analysis. o
If || ]| is a norm on R™, let (R™ || - ||) denote both this normed vector space and the

associated metric space (with metric d(z,y) = ||z — y||).

Theorem 14.13. All norms on R” are equivalent. In particular, if || - || is a norm on R"

then closed bounded sets in the metric space (R, || - ||) are compact.

This theorem depends upon the fact that R™ is a finite dimensional vector space. There

are examples of inequivalent norms on infinite dimensional vector spaces (see Problem
14.6).

Proof. The strategy is to show that every norm | - || on R™ is equivalent to || - ||o. To this
end, first observe that, writing x = Z?Zl xje;,

n
lzll < D laslllesl < Ml < VM |l
j=1

where M = max{||le1]],...,||exn||}. It follows that, with d denoting the metric determined
by [ 1],
for all z,y € R". Hence the function F': R” — R defined by F(x) = ||z| is (uniformly)
continuous with respect to the Euclidean distance function dy(z,y) = ||z — y||2 on R™.
Since G = F|gn-1 is a continuous function on a compact set, it achieves its minimum c.
This minimum is not 0 since G does not take the value 0 (norms are positive definite and
0 ¢ S"1). Now, for x € S" 1,

¢ < |lzll = F(a).
If y # 0, then = %— € S"~! and properties of norms,

lyll2
cllyll < [yl
and the proof is complete. O]
Proposition 14.14. Suppose || - || and || - ||« are norms on R™ and R™ respectively. If

T :R™ — R™ is linear, then
(1) there is a C' > 0 such that
ITall, < Cllall; and
(11) T is uniformly continuous as a mapping from (R™, || -||) — (R™, || - ||+);
Finally,
inf{C": [|Tz|l. < C'||z| for all z € R"} = sup{||Tz|+ : z € R, |z|| =1}

and both the infimum and supremum are attained. ]
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Note that if 7 : R® — R" is lincar and invertible, then 7! is also linear and hence
continuous (with respect to any two norms on R™).

Proof. Let || - || denote the ¢; norm on R™. It is equivalent to the norm || - ||. Hence there
exists a K such that, for all x € R",

lzll < K[|l

Let L = max{||Teq|ls,..., [[Te,|. : 1 <j <n}. Writing z =37, x;e; in the usual way,
estimate,

Tl =11 Y2 T(ep)ll < Y lal I Tejll < Lilzly < LK |||,
j=1

j=1
proving (i) with C = LK.
Item (ii) follows immediately from item (i).

To prove the final item, let S = {# € R" : ||z|| = 1}. From Theorem 14.13, S is
compact. The mapping G : S — R defined by G(z) = ||T'z||. is continuous (as a mapping
from (R™, || - ||) to R) by what has already been proved. Hence G attains its supremum,
say M; i.e., there is a point xy € S such that || Txo||« = M and if x € S, then ||Tz|. < M
and, by properties of norms it readily follows that ||Tz||. < M ||z|| for all x € R™. Thus
the infimum in the statement of the proposition is at most M which is also the supremum
in the statement. On the other hand, if ||Tz||. < C|jz|| for all z, then C' > M = ||Tz||«
and the proof is complete. 0

14.3. The vector space of m x n matrices. Let L(R",R™) denote the set of linear
maps from R” to R™. Propositions 14.7 and 14.8 describe the canonical identification of
L(R",R™) with the set M,,,, of m x n matrices. Both L(R",R™) and M,,,, are vector
spaces and, as vector spaces, can identified with R™". In particular, M,,, can be given
the Euclidean norm by defining, for X = (x;) € M,n,

X115 = > ol
7,k

which is often called the Frobenius norm. However, there is another norm on M,,, (of
course equivalent to the Frobenius norm by Theorem 14.13) which, for many purposes, is
more natural - and easier to work with. Given an m x n matrix 7', (equivalently a linear
map from R™ to R™) by Proposition 14.14, there is a C' such that

1 Tz]ls < Cll]ls
for all z € R™.
Proposition 14.15. The mapping || - || : M;,, — R defined by
|IT|| = inf{C : | Tx|]z < C|z|; for all € R"}

is a norm on M,, . ]
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Note that by Proposition 14.14, ||T'|| = sup{||Tx||2 : € R", ||z| = 1}. This norm is
called the operator norm (or sometimes the matriz norm) and is also denoted by |T'||op.
That || T']|op defines defines a norm is left to the gentle reader as Problem 14.5. The
following Proposition collects some immediate properties of the operator norm.

Proposition 14.16. Let T" be an m X n matrix.

(i) The norm of an m x n matrix 7" is also given by
1T = max{||Tz|lz : [|z[la = 1}.
(ii) If y € R™, then,
ITyll2 < [T lyll2-
(iii) If C' > 0 and
ITyllz < Cllyll2
for all y € R™, then ||| < C.

(iv) If S'is an n x p matrix, then [|[T°S|| < ||T|| ||S]l-
f

14.4. The set of invertible matrices. This section closes by reviewing some basic
facts about inverse of matrices (equivalently linear transformations on Euclidean space).
Throughout, unless otherwise indicated, || - || stands for the Euclidean norm || - || or the
operator norm || - ||op as context dictates.

Given n € N*, recall I = I,, denotes the n x n identity matrix and ¥; is the identity
mapping, T;r = x.

Lemma 14.17. If A is an n x n matrix and ||A|| < 1, then I — A is invertible. Moreover,

1

I-A < ——m.
I =471 < =

Proof. Observe, for x € R", that
(I = A)z|| = [Jz]| = [[Azl} = [Jzl} = [[Alllz] = l[=]/(1 = [LA]]).

In particular, if x # 0, then (I — A)z # 0 and thus, by Proposition 14.9 (the equivalence
of items (i) and (ii)), I — A is invertible.

Given x € R", note that
] = [[(1 = A)(I = A)~ el > [|(1 = A) |1~ [|A]).
Thus,

1
I—A) g < ———
I = A"l < T

Hence ||(I — A)7Y|| < (1 —||A]|)~! by Proposition 14.16(iii). O



133
Proposition 14.18. Fix n. The set Z,, of invertible n X n matrices is an open subset of
M,, and the mapping F : Z,, — Z,
F(A) =A"1

1S continuous. T

Proof. Fix A € Z,,. Choose n = m and suppose ||H|| < n. In this case,

. _ 1
| = AT H|| < AT < 5

and hence I + A~'H is invertible by Lemma 14.17. Consequently,

A+ H=A(I+ A 'H)
is invertible, proving that the m-neighborhood of A lies in Z, (since if B is in this 7
neighborhood, then H = B — A has (operator) norm at most 7). Lemma 14.17 also gives

<A Y < 1.
A+ H) < WA gy < 2147

To see that F is continuous, again suppose ||H|| < 7 and note
|F(A+H) = F(A)|| =(A+ H)""A— (A+ H)A™|
<[ A+ H|7" [ H[ [|A™]
<2 A7Y* || H]I.

To complete the proof, given € > 0, choose 0 < § < n and such that J < m.

14.5. Exercises.

Exercise 14.1. Show, if 7' : R" — R™ is linear, then 70 = 0. (Here the first 0 is the
zero vector in R™ and the second is the zero vector in R™.)

Exercise 14.2. Define T': R3 — R? by
T([L’1, ZEQ,Qfg) = (2%1 — X9 + 31’3, xr3 — $1).

Find a matrix A such that T'= ¥4 and explain how doing so shows that T is linear and
A=Ar.

Exercise 14.3. Prove that the relation of equivalence of norms is an equivalence relation
(symmetric, reflexive, and transitive).

Exercise 14.4. Suppose D is an n X n diagonal matrix with diagonal entries A, ..., \,.
Show [|D|| = max{|\;| : 1 < j < n} (the operator norm).

Show D is invertible if and only if all the diagonal entries are different from 0.

Exercise 14.5. Given n and v, ..., y,, the (row) 1 X n matrix

Yz(yl yn)

is identified with the corresponding linear map Y : R” — R. Find ||Y|| (the operator
norm).
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Exercise 14.6. Fix ¢ > 0 and let

S=c

o o O
SO
S = O

Show ||S|| = ¢. Show also that I — S is invertible (even if ¢ > 1) and compare with
Lemma 14.17
14.6. Problems.

Problem 14.1. If 7,5 : R® — R™, then T+ S : R” — R™ is defined by (T + S)z =
Tx 4 Sz as one would expect. Show, if S and T are linear, then 7"+ S is linear and

Aryps = Ap +Ag.

Show further, if ¢ € R, then ¢I' : R® — R™ defined by ¢I'(x) = ¢(Tz) (and denoted
simply ¢T'z) is a linear map and further

QICT = CQ[T .

In the other direction, show, if A and B are m X n matrices, then
CarB=%4+%p

and also
ICA =cT A-

Problem 14.2. Complete the proof of Proposition 14.8.

Problem 14.3. Show if || - || is a norm on R™ and 7' : R” — R™ is linear and one-one,
then the function || - ||, : R™ — R given by

[l = || T||
is a norm on R".

Problem 14.4. Suppose A and B are n x n and m X m matrices respectively and that

C is an n X m matrix. Let
A C
X_(O B).

Prove X is invertible if and only if both A and B are.
Problem 14.5. Prove Proposition 14.15.
Problem 14.6. Consider the vector space C([0,1]) with the norms,

112 —/ St

[ flloo = max{[f ()] : 0 < ¢ < 1}.
Let f,(t) = t™ (defined on [0, 1]) and show that

lim [/ f, 2 =0,
n—00

and

whereas || f,,||coc = 1 for all n. Conclude the norms || - || and || - ||~ are not equivalent.



135

Problem 14.7. Complete the outline of the following alternate proof of Lemma 14.17.
Suppose A is an n X n matrix and ||A|| < 1. Show that the series,

[o.¢]
> A
=0
is Cauchy in M,,,, and hence converges to some 1" in M, ,, and moreover,

IT) < SIAW =
T A

Show,
(I-A)) A =1-A"

§=0
and the right hand side converges to 0 with n. Conclude AT = I.

15. DERIVATIVES OF MAPPINGS BETWEEN EUCLIDEAN SPACES

The calculus of functions f : U — R™, where U is an open set in R"”, is the topic of
this section. Here R™ denotes n-dimensional Euclidean space. Thus R" is the space of
(column) n-vectors, x = (z1,...,2,)7, (here T denotes transpose) with real entries, the
usual pointwise operations and the standard Euclidean norm,

n
lz)* = .
j=1

(Note this notation differs slightly from that in some earlier sections where || - || was used
for the Euclidean norm.) Of course, by Theorem 14.13 we could work with any pair of
norms on R™ and R™.

The derivative is a linear map from R™ to R™ and Subsection 14.1 reviewed the con-
nection between matrices and linear maps between Euclidean spaces. The definition and
basic examples of derivatives are given in Subsection 15.1. Properties of the derivative
appear in Subsection 15.2. Directional derivatives and the connections between partial
derivatives and the derivative are detailed in Subsections 15.3 and 15.4 respectively.

15.1. The Derivative: definition and examples. A linear map 7" : R — R can be
identified with the real number ¢t = T'1 and conversely. Indeed, Th = hT1 = th; ie., T
corresponds to the 1 x 1 matrix [T1].

By definition, f : (a,b) — R is differentiable at a < ¢ < b if there is a number ¢ so that

o @) = £

r—c T —cC

= 1.

Rewriting, f is differentiable at c if and only if there is a ¢ such that
i (e h) = fle) —th] _

h—0 || 0-
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Note that U C R" is open if and only if for each ¢ € U there is an n > 0 such that if
h € R™ and ||h|| <, then ¢+ h € U. In particular,
N,(c) = N,y(0) + c:={h+c:|h] <n}.

Definition 15.1. Suppose U is an open subset of R”, ¢ € U and f : U — R™. The
function f is differentiable at c if there is a linear map 7' : R” — R™ such that

N fle+h) = fle) =Thl _

2 ) Al .
If f is differentiable at each ¢ € U, then f is differentiable q

Proposition 15.2. Suppose U is an open subset of R”, ¢ € U, and f : U — R™. If
S, T : R" — R™ are linear maps and both
_|lf(e+h) — flc) — Sh|

lfe+ )~ fle) — Th]|
] —0=1
w5 T U= Tl ’

then S =T. T

Proof. Given € > 0 there is a ¢ such that if 0 < ||h|| < 6, then ¢+ h € U and both
[f(c+h) = f(e) = Thl| <e[[n]]
1f(c+h) = f(c) = Sh|| <e|lh]|.
Hence,
ITh — Sh|| < ||f(c+h) = f(c) = Shl| + [[f (e + h) = f(e) = Thi| < 2¢][Al|.
Now suppose k € R™ is given. For ¢ real and [t| < ||k|(|5+1’ the vector h = tk satisfies
IIh|| < & and thus,

IT(tk) — S(Ek)|| = [t [Tk — Sk < 2elt[[[k].
Since € > 0 is arbitrary, it follows that Tk = Sk. O

Definition 15.3. If f is differentiable at ¢, then the unique linear map T satisfying (23)
is the deriwative of f at ¢ , written

F(c) = Df(c) = T.

<

Example 15.4. Consider the function f : R? — R? defined by f(z1,22) = (23, 2172).
With ¢ = (z1, x2) fixed, let X denote the matrix,

To X1
Given a point ¢ = (c1, ¢3) € R? (the domain of f) and a vector h = (hy, hy) € R?,
1f (1 + Ty 2+ o) = fler, e2) = Xh|| = [|(RY, haha)|| < [Pal[[ 7]
It follows that f is differentiable at (c;, c2) and X (really the linear map Tx it determines)
is Df(Cl, CQ). AN

Do Exercise 15.1.
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15.2. Properties of the Derivative.

Proposition 15.5. Suppose U C R" is open and f : U — R™. If f is differentiable at c,
then f is continuous at c. ]

The proof of this proposition is left to the reader as Problem 15.1.

Proposition 15.6. [Chain Rule] Suppose U C R™ and V' C R™ are open and that
f:U —= Vandg:V — RF If fis differentiable at ¢ € U and g is differentiable at
d = f(c), then ©» = g o f is differentiable at ¢ and
Dip(c) = Dg(f(c))Df(c).
T

Proof. For notational ease, let S = Df(c) and T = Dg(f(c)). Also, for h € R™ and
k € R™ such that c+he U andd+k €V, let

(k) =g(d+ k) —g(d) — Tk

n(h) =f(c+h) = f(c) = Sh

['(h) =n(h) + Sh = f(c+ h) — f(c).

With these notations,
e+ h) —(c) =TSh =g(f(c+h)) — g(f(c)) —T'Sh
=9(f(c) + T'(h)) — g(f(c)) = T(I'(h) — n(h))
=7(T'(h)) + Tn(h).
Now let 1 > € > 0 be given. Since g is differentiable at d, there exists a ¢ > 0 such that

if ||k|| < o, then ||y(k)|| < €||k||. Since f is differentiable at ¢, there exists a u > 0 such
that if ||h]| < p, then [[n(h)|| < €||h]] < ||h|| and at the same time

[T <lln(R)I[ + 1S
<L+ (SNl <o
Thus for ||h| < u,

(T (R) +Tn(R) || <e[T ()| + [T} [[n(R)]]
<e(L+ ISR+ T el
<e(X+ ISIF+NTDIA-

Thus,
(e +h) = () =TSh|| _

o Al

and the proof is complete. 0

0

As is easy to prove, the derivative is also linear in the sense that if U is an open set in
R™, the point c lies in U, the functions f,g : U — R™ are differentiable at ¢ and r € R,
then rf + ¢ is differentiable at ¢ and

D(rf +g)(c) =rDf(c) + Dg(c).
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15.3. Directional Derivatives. A subset C' of R" is conver if a,b € C and 0 <t <1
implies (1 —t)a +tb € C. For ¢ € R™ and r > 0, the neighborhood N, (c) is evidently
convex. In fact, because neighborhoods are open sets, given a,b € N,(c), there exists a
d > 0 such that (1 —t)a +tb € N,(c) for =6 <t < 1+ d. Thus, given an open subset U
of R" a function f : U — R™ and a point ¢ € U and an r > 0 such that N,(c) C U, if
a,b € N,(c) then, for some 6 > 0, we can consider the function h : (—d,140) — U defined
by h(t) = (1 —t)a+tb = a+ t(b — a) and thus the composition g : (—d,1+ ) — R™,
9(t) = f(h(t)) = fla+t(b—a)).

Definition 15.7. Suppose

(i) U is an open subset of R";

(ii) cisin U;

(iii) w € R™ is a unit vector;

(iv) f:U — R™.

In this case there is a § > 0 such that ¢ 4+ tu € U whenever t € R and [t| < 6. The
directional derivative of f in the direction u is the derivative of g : (—=6,0) — R™ defined
by g(t) = f(c+tu) at 0, if it exists. It is denoted D, f(c). Thus,

fle+tu) — f(o)

Duf(c) = lg% ; ’
if this limit exists. <
Remark 15.8. If it exists, D, f(c) € R™. (It is a vector.) o

The following simple corollary of the chain rule relates the derivative to directional
derivatives.

Corollary 15.9. Suppose U C R" is open, ¢ € U, f : U — R™. For each h € R", there
is a 0 > 0 such that ¢ +th € U for |t| < 6. If f is differentiable at ¢, then the function
g:(—9d,0) = R™ defined by g(t) = f(c+ th) is differentiable at 0 and

9'(0) = Df(c)h.
Further, if f is differentiable, then so is g and
g'(t) = Df(c+th)h.
In particular, if f is differentiable at ¢ and u € R™ is a unit vector, then
D,f(c) = Df(c)u e R™.
f

Proof. Since U is open and ¢ € U, there is a § > 0 such that ¢+ tu € U for |t| < ¢. Define
h:(=9,0) = R™ by h(t) = ¢+ tu. Then h is differentiable at 0 and A'(0) = u. Thus, by
the chain rule, g = f o h is differentiable at 0 and ¢'(0) = f'(h(0))h’(0). O

It can happen that all directional derivatives exist, even though f is not differentiable
at ¢ as the following example shows.
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Example 15.10. Define f : R? — R by f(0,0) = 0 and otherwise

3
x
T,y) = ——.
flay) = vy
Then all the directional derivatives of f exist; however, f is not differentiable at 0. To
prove this last assertion, suppose T : R? — R is a linear and both

lim |f(ter) — f(0) — T(te1)| — 0= lim | f(se2) — f(0) — T(862)|.

t—0 ’t| 5=0 |S|

In this case T'e; = 1 and Tes = 0. In particular, as a matrix,
T=(10)=e.
But then, with h = (e; + e3),

L) = () = T(h)| 1
t—0 ch” 2\/5.

L) — £(0) ~ T
h—0 IRl
Hence f is not differentiable at 0. [J

In Problem 15.4 you will show that in fact the composition of f with any differentiable
curve, not just curves of the form ¢(t) = th (for a fixed vector h), is differentiable at
0. A

It follows that

£ 0.

15.4. Partial derivatives and the derivative. This subsection begins with the familiar
definition of the partial derivative.

Definition 15.11. Suppose U is an open subset of R", ¢ € U and f : U — R™. The
partial derivative of f with respect to xz; at ¢ is the directional derivative of f in the

direction e; at ¢ (where {eq,...,e,} is the standard basis for R") and is denoted by
D;f(c).
In the case that f: R® — R (m = 1), it is customary to write
of
o,
instead of D; f. q

Proposition 15.12. If f, as in the definition, is differentiable at ¢, then the matrix
representation of D f(c), in terms of its columns, is

(Dif(c) -+ Dnf(c))
and moreover,
Df(c)i; = (Df(c)ej,ei) = (Djf(c), e).

Thus, the matrix representation for D f(c) is

Df(e) = ()" .
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Proof. Given U C R" open and f : U — R™, for 1 < ¢ < m, let f; : U — R denote the
function f;(z) = (f(z), e;); i.e.,

hi

f2

fa) ="

fm
Assuming f is differentiable at ¢ € U, each f; is differentiable at ¢ since f; is the compo-
sition of the differentiable mapping E; : R™ — R defined by

Ei(y) = (y,es) = €] y
with the mapping f which is differentiable at c¢. Using f; = E; o f and the fact that

DE;(c)h = E;(h) (see Exercise 15.8), the chain rule (Proposition 15.6) and Corollary 15.9
imply, for 1 < j < n,

gﬁ (c) = Djfi(c) = Dfi(c)e; = Ei(f(c))Df(c)e; = (Df(c)ey, e).

O
Example 15.13. Returning to Example 15.4, fi(z1,22) = 23 and fo(zy,29) = x129.

Thus,
ia,b) $8(a,b) _(2a o)
L(a,b) $2(a,b) b a)’
AN

Remark 15.14. If U is an open subset of R” and f : U — R has partial derivatives at
at ¢ € U, then the gradient of f is the 1 x n matrix

W@):(% ;’—f)

In particular, if f is differentiable at ¢, then the matrix representation of f at cis Vf(c). o

Proposition 15.15. Suppose U C R" is open, c € U and f : U — R. If n > 0, if the
neighborhood N, (c) = {z € R" : ||z — ¢|| < n} lies in U and if each % exists on N, (c)
and is continuous at ¢, then f is differentiable at c. T

Proof. The case n = 2 is proved. The details for the general case can easily be filled in
by the gentle reader. Since the partials of f exist at ¢, Vf(c) = (D1f(¢) Daf(c)) exists
as a vector. From Proposition 15.12, what needs to be proved is that

e+ h) = fle) = VF(enll _

o 1A

0.

Let € > 0 be given. By continuity of the partial derivatives of f at ¢, there is a ¢ such
that n > 0 > 0 and if ||k|| < 9, then

1D;f(c+ k)= D;f(c)] <e.
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Write ¢ = c1e1 + coea. Let h = hjey + hoes with ||h|| < 1 be given. Observe, that
¢+ hie; € U and
(24) fle+h)—=f(c)=flc+h) = flc+hier) + flc+ hier) — f(o).

Next, note that for 0 < s < 1 that ¢ + shie; € Ns(c) and ¢ + hie; + shoes € Ns(c).
Accordingly define g; : [0,1] = R by ¢1(s) = f(c+ shier) and go(s) = f(c+ hier + shoes).
The assumption that the partial derivatives of f exist on N,(c) imply that both g; and
go are continuous on [0, 1] and differentiable on (0,1). Hence, by the mean value theorem
there exists points ¢t; € (0, 1) such that,

flc+h) = f(c+ hier) =heDsf(c+ hier + tahoes)

(25) flc+ hyer) — f(¢) =hiDy f(c+ tihier).

Thus, if ||h]| < 6, then, combining Equations (24) and (25),
|fc+h) = fc) = V[(o)hl
<|f(c+h)— flc+hier) — haDaf(c + hier + taes)]
+|ho Dy f(c+ hiey + taez) — haDaf(c)|
+|f(c+ hier) — f(c) — haDif(c+ tie)]
+hi Dy f(c+tier) — hiDif(c)|
<e(lha| + |hal)
<2¢||h||.
This proves that f is differentiable at ¢ (and of course D f(c) = V f(c)). O

Proposition 15.16. Suppose U is an open subset of R” and f : U — R™. If all the
partials D; f; exist on U and are continuous at ¢, then f is differentiable at c. ]

Proof. From the preceding proposition, each f;, defined by f;(xz) = (f(x),e;) is differen-
tiable and D f; = V f;.

Fix ¢ € U and let T' denote the matrix with (¢, j) entry D; fi(c). For ||h|| small enough
that ¢ + h € U, sufficiently small,
[fle+h) = fle) =Thll > (flc+h) = flc) =Th,eie
17l il
[(f(c+h) = f(c) = Th, e;)|
<
=2 17l
|file+h) — fi(c) — Dfihl
< .
=2 [[7]
Each term on the right hand side converges to 0 with h by Proposition 15.15. 0

Remark 15.17. Given U C R" an open set and f : U — R, if f is differentiable and
Df:U — L(R™ R™) is continuous, then f is said to be continuously differentiable. Note
that f is continuously differentiable if and only if all its partials are.
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Summarizing, if all the partials of f exists in a neighborhood of a point ¢ and are
continuous at ¢, then f is differentiable and its derivative is identified with its matrix
of partial derivatives. If further, all the partials are continuous, then f is continuously
differentiable. o

15.5. Exercises.
Exercise 15.1. Show, directly from the definition, that f : R? — R? defined by
f(z1,m5) = (2] — 23, 27129)
is differentiable and compute its derivative (at each point).
At which points ¢ does the derivative D f(c) fail to be invertible?
Exercise 15.2. Show that f : R? — R? defined by
f(r,t) = (rcos(t), rsin(t))

is differentiable and compute its derivative using Propositions 15.12 and 15.16 (and the
well known rules of calculus for sin and cos).

At which points ¢ does D f(c) fail to be invertible?

Exercise 15.3. Suppose f : R® — R is differentiable. For ¢ € R", find v which maximizes
D, f(c) (over unit vectors u). This direction is the direction of mazimum increase of f at
c. Compare with Exercise 14.5.

Exercise 15.4. Suppose f : R — R™ and g : R" — R have continuous (partial) deriva-
tives. Write out the chain rule for h = go f explicitly in terms of these (partial) derivatives.

Exercise 15.5. Same as Exercise 15.4, but with f, g : R? — R2.
Exercise 15.6. Define ' : R* — R? by

F(z,y,u,v) = (2* —y* +u? —v* — 1, 2y + uv).
Compute the derivative of F'.

Determine the rank of DF(c) at a point ¢ where F(¢) = 0. (There are numerous
equivalent definitions of the rank of a matrix. Feel free to use any that you are comfortable
with. If you don’t know a definition, you might choose to use the rank is the largest k
such a (principal) k x k submatrix has non-zero determinant. In particular, the rank of
DF(c) is at most two.)

Exercise 15.7. Verify the chain rule for f o F', where F' is defined in Exercise 15.6 and
f is given in example 15.4.

Exercise 15.8. Suppose A is an m X n matrix and a is a vector in R™. Show that
f R = R™ defined by

flx)=Ax+a
is differentiable and D f(c) = A (for all ¢).
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Exercise 15.9. Suppose [ : R? — R? is differentiable at 0 and

o= (3 4%)

Find the directional derivative in the direction

v=(3 1 5"

15.6. Problems.
Problem 15.1. Prove Proposition 15.5.

Problem 15.2. Suppose U C R" is open and f : U — R. Define f has a local minimum
at ¢ local minimum and prove, if f has a local minimum at ¢ and f is differentiable at c,

then D f(c) = 0.

Problem 15.3. Suppose U C R"™ is open and connected. Show, if f : U — R is
differentiable and Df = 0 (Df(xz) = 0 for all x € U), then f is constant. You may
wish to use the following outline.

(i) Suppose a € U the vector h € R™ and there is a § > 0 such that a + th € U for
—0 <t<14946. Show f(a) = f(a+ h).
(ii) Show, if » > 0 and N,(a) C U, then f(x) = f(a) for all x € N,(a).
(iii) Apply Problem 8.3.

Show the same result holds with the codomain of f replaced by R™.

Problem 15.4. Show, in Example 15.10, if v : (=6,d) — R? is differentiable, v(0) = 0,
and 7/(0) # 0, then f o~ is differentiable at 0.

Problem 15.5. Define f(z,y) = %5 for (z,y) # (0,0) and f(0,0) = 0. Show the

x2+y2
partial derivatives D; f(0,0) exist, even though f is not continuous at 0.

Problem 15.6. Suppose U C R? is open and f : U — R. Prove if the partial derivatives
of f exist and are bounded, then f is continuous.

16. THE INVERSE AND IMPLICIT FUNCTION THEOREMS

In this section the Inverse and Implicit Function Theorems are established. The ap-
proach here is to prove the Inverse Function Theorem first and then use it to prove the
Implicit Function Theorem. It is possible to do things the other way around.

16.1. Lipschitz Continuity. This subsection collects a couple of facts used in the proof
of the inverse function theorem.

Suppose U is an open set in R™. A function f : U — R™ is Lipschitz continuous if there
is an M such that
1f (@) = f)ll < Mz —y]
forall z,y € U.
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Recall, a subset C' of a vector space V is convex if x,y € C and s,t > 0, s+t =1
implies
sx+tyeC.
Note that, given ¢ € R” and € > 0,

Ne)={z €V :|lc—z| < e,
is an open convex set.

Proposition 16.1. Suppose U C R" is open and convex. If f: U — R™ is continuously
differentiable and if Df : U — L(R™,R™) is bounded, say ||Df(x)|| < M for all xz € U,

then f is Lipschitz continuous with constant M.

In particular, if O € O C U and O is open, convex and bounded, then f is Lipschitz
continuous on O. T
Proof. Given x,y € U, since U is open and convex there is a § > 0 such that ty+(1—t)x €
Ufor —§ <t <1+9. Define ¢ : (=5,14+06) = U by

Y(t) =ty + (1 —t)x

and let g(t) = f o (t). Since both f and v are differentiable, by the chain rule g is
differentiable and

g(t) = D) () = Dfty + (1 — )a)(y — x).
Hence,

lg' DI < [|1Df(ty + (1 = t)a) [ [ly — x|l < Mlly — |-
From the First Fundamental Theorem of Calculus, Theorem 11.30,

fy) = flz) =g(1) —g(0) = /O g'(t) dt.

By Proposition 11.31,

1
1f(y) = f(@)] < /0 lg' @)l dt < Mly — |-

0J
Lemma 16.2. The function g : R® — R defined by g(z) = ||z||* = (z, z) is differentiable
and Vg(z) = 227, T
Proof. Writing g(z) = 27z, note that

g(x 4+ h) — g(x) — 207h = ' h

from which it easily follows that Dg(z)h = 227 h. O
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16.2. The Inverse Function Theorem.

Theorem 16.3. [Inverse Function] Suppose U is an open subset of R" ¢ € U, and
f:U — R™ If fis continuously differentiable on U and D f(c) is invertible, then there
is an open subset O C U containing ¢ such that

(i) f(O) is open;

(i) f=flo:0— f(O) is a bijection;

(iii) the inverse of f is contlnuously differentiable; and
) D

(iv) DfH(f(c)) = Df(e)™

Proof. The statement is proved first under the additional assumption that ¢ = 0 and
Df(0) =

Consider the function g : U — R™ defined by g(z) = x — f(x). Since Dg(0) = 0, and
Dyg is continuous, there is a § > 0 such that N;5(0) C U and || Dg(z)|| < § for ||z]| < 6.
By Proposition 16.1, if ||z||, ||ly|| < J, then

1
lg(y) — g(z)]| < glly —z|.
Hence,

ly — | <|[(y — ) = (f(y) = fF@)] + 1f(y) — f(@)]
=llg(y) — g@)[| + [ f(y) — f(@)]

1
<Sly =2l + 1) = F(=)].
Rearranging gives

(26) ly — xll < 2[|f(y) = ()]l

This proves that f is one-one on Ns(0). It also shows that the inverse of the mapping
f: Ns(0) = f(Ns(0)) is (Lipschitz) continuous.

Note that Dg(z) = I — D f(z) and since ||Dg(x)|| < 1 on N5(0), it follows from Lemma
14.17 that D f(z) is invertible on Nj(0).

Choose 0 < n < 6. The set S, = {z : ||z]| = n} is closed in R™ and hence compact.
The function S, 2 = +— || f(z) — f(0)||* is continuous and, since f is one-one on Ng(0),
never 0. It follows, from the extreme value theorem, that there is a d > 0 such that

|| f(z) — f(0)]| > 2d for all z € S,,.

Let K = B,(0), the n ball centered at 0. In particular, K is the closure of N,(0) and
is compact since it is a closed bounded subset of R". Moreover, S, is the boundary of K.
Given y € N4(f(0)), let

p(z) = (f(z) —y, f(2) —y) = || f(z) — yl"
The function ¢ is continuous on K and hence attains its minimum at some z € K. This

minimum is not on the boundary S, since ||y — f(0)|] < d and at the same time, for
T €Sy,

1 () =yl = [[f(2) = FO = 11£(0) =yl = 2d —d = d.
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Now, by Problem 15.2, V¢(z) = 0 and on the other hand, by the chain rule, Proposition
15.6, and Lemma 16.2

0= Vp(z) = 2(f(2) —y)"Df(2).
Since D f(z) is invertible, it follows that f(z) —y = 0 and we conclude that y = f(z) for
some z € N,(0). Hence, for each y € N4(f(0)), there is z € N, (0) such that f(z) =y.

Let O = N,(0) N f~Y(N4(f(0))). Then O is open, 0 € O, and f : O — Ny(f(0)) is
one-one and onto. The first two items are now proved (under some additional hypotheses).

Let 1) denote the inverse to f = f|o : O — Ny(f(0)). The inequality (26) says that v
is continuous (in fact Lipschitz).

To prove (iii), let y € Ny(f(0)) be given. By (ii) there is an (unique) z € O such
that f(x) = y. There is a 0 > 0 such that if ||k]| < o, then y + k € N4(f(0)). By
(i) there there is an h such that x + h € O and f(x + h) = y + k. In particular,
Y(y+k)—(y) =x+h—x=h. Let T = Df(z) which, by the choice of 7, is invertible.
We have,

Wy +k)—(y) =T k=h—-T""k
=—TYk—Th)
=T Yf(x+h)—y—Th)
=—T7'(f(x+h)— f(z) = Th).
Thus,

[y + k) = b(y) =Tk < IT7H | f(z + h) — f(z) = Th]|.
Since also

[l = llz +h =zl <2|f(z+h) = f(2)|| =2[ly + & —yl| = 2|k,
it follows that

[y + k) — ¢(y) — T k|| Y lf(x+h) = f(z) = Thi
il 17l '

This last estimate shows that ¢ is differentiable at y and Dy(y) = T = Df(¢(y)) ™t
Finally, the mapping Ny(f(0)) > y — Df(¢(y)) is continuous (as Df is assumed contin-
uous on U and 1) has been shown to be continuous) as is the mapping taking a matrix to
its inverse (see Proposition 14.18). Thus D1 is the composition of continuous maps and
hence continuous. The proof of (iii) is complete (under some additional hypotheses).

Now suppose still that ¢ = 0, but assume only that D f(0) is invertible. Let A = D f(0)
and let G denote the mapping G(zr) = Az. Since A is invertible, G is invertible and
continuous and moreover both G' and G~! are continuously differentiable (see Exercise
15.8). Indeed, G™1(x) = A~'z and, for instance DG(x) is constantly equal to A. Let F =
A'f =G o f. Then F is continuously differentiable on U and DF(0) = A~'Df(0) =
I. Hence, by what has already been proved, there is an open set O such that F(O)
is open and F' restricted to O is a continuous bijection between O and F(O) whose
inverse is continuously differentiable. It now follows that f = G o F' maps O bijectively
onto the open set f(0) = G(F(0)) = (G~1)"1(F(0)) and the inverse of f restricted to

< 2|7~
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f(O) is the composition of continuously differentiable functions and is thus continuously
differentiable.

The passage from ¢ = 0 to a general c¢ is left to the gentle reader. O
Corollary 16.4. Suppose U is an open subset of R", f : U — R" is continuously

differentiable, and D f(z) is invertible for each € U. If V' C U is open, then f(V) is
open. T

Example 16.5. Consider the the mapping given by
(r,t) — €"(cos(t),sin(t)).

In particular, it maps the line (ro,t) to the circle of radius 7y (many times over). Sim-
ilarly, it maps the line (r,ty) to the ray (emanating at, but not containing, the origin)

e (cos(ty), sin(ty)).
The derivative of F' is the 2 x 2 matrix,
(€ cos(t) —esin(t)
DF(r.t) = (er sin(t) e"cos(t)
which is easily seen to be invertible (its determinant is e*"). Thus, for each point (ro, o)
there is open set U of (19, tp) on which F' is one-one and F(U) is open.

From the corollary, if V' is any open subset of R?, then F(V) is open. In particular, the
range of F' is an open set. Of course, the range of F' is R?\ {(0,0)} which is evidently
open.

As an exercise, find an open set U containing (0, 0) on which F' is one-one and compute
the inverse of F': U — F(U); likewise find an open set V' containing (0, 5) on which F is
one-one and determine the inverse of F': V' — F (V). Ditto for (0, 7).

By comparison, consider the function f of Example 16.5. Determine the image of the
lines {(ro,t) : t} and {(r,tp) : r} under f. Note that Df is invertible at (ro,ty) precisely
when 7o # 0. See Exercise 15.2. A

16.3. The Implicit Function Theorem. It will be convenient to think of the Euclidean
space R™™ as the direct sum R™ @& R™ which is the set

R*"®R™ = {(z,y) :x € R", y € R™}
with coordinate-wise addition
(1, 91) + (22, 92) = (¥1 + T2, Y1 + Y2),
scalar multiplication
c(z,y) = (cz, cy)

and (Euclidean) norm,
I »)lI* = ll=]l* + il

If L e L(R™™ R™) and J : R™ — R™™™ is the inclusion

(27) JyzO@yz(g),
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then LJ € L(R™). Suppose U C R" & R™ is open, ¢ = (a,b) € U (so that a € R" and
beR™), and f: U — R™. Writing z € U as z = x @y, if f is differentiable at ¢, then
the matrix representation of Df(c) is

oh s 0N Oh

ox1 e Oxn 33/1 U aym
ox e Oxn oY1 to OYm

As short hand, write
1%
oz oy | *

With a similar short hand, the matrix representation for .J has the form,

On,m

J=1 -

Ly,

and thus,

a Y1 Ym
Df(c)Jz—fzz S
0\ ofm Ofm
L

Theorem 16.6. [Implicit Function] Suppose U C R™™™ = R" @& R™ is open, (a,b) € U,
and f: U — R™. If

(a) f is continuously differentiable;
(b) f(a,b) = 0; and
(¢) Df(a,b)J is invertible,

then there is

(i) an open set (a,b) € O C R*™™;
(ii) an open set a € W C R"; and
(iii) a unique function g : W — R™ such that
(a) G(z) = (z,g(x)) maps W into O;
(b)
{(z,y): fz,y) =0} NO ={G(z) : v € W} and;
()
f(z,9(x)) = 0= f(G(z)).

Moreover, W and O can be chosen so that g is continuously differentiable.

When the conclusion of the implicit function theorem holds we say that f(z,y) = 0
defines y as a function of = near the point (a,b).
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Proof. Define F : U — R™™™ by

Fz,y) = (z, f(z,y)).
It is readily checked that F' is continuously differentiable and further

DF(x,y) = (i Df(:(c),y)J)'

By Problem 14.4 and the hypothesis that D f(a,b)J is invertible, the matrix DF'(a,b)
is invertible.

By the Inverse Function Theorem, there is an open set O containing (a, b) such that F' is
one-one on O, the set F'(O) is open, and F': O — F(O) has a continuously differentiable
inverse H : F'(O) — O.

Let W ={u € R": (u,0) € F(O)}. Thus W is the set of those u € R"™ such that there
exists a v € R™ such that (u,v) € O and f(u,v) = 0. Note that W is open and a € W
since (a,b) € O and f(a,b) = 0.

Write H(x,y) = (h1(z,y), ha(x,y)) € R" @ R™. Thus,
(l’,y) = H(F(xay» = H(.CC,f(SL’,y)) = (hl(x,f(x,y)),hg(:c,f(:v,y)))

If x € W, then (z,0) € F(0). Thus, there is a y such that (z,y) € O and f(x,y) = 0.
It follows that hy(z,0) = x and we may define g : W — R™ by g(x) = ha(x,0). In this
case, for such x,

G(x) = (z,9(x)) = (hi(x,0), he(x,0)) = H(z,0) € O

and thus G : W — O and condition (a) of item (iii) holds. Since g is the composition
of continuously differentiable mappings (inclusion, then H, then projection onto the last
m-coordinates), g is continuously differentiable. Moreover, if z € W, then

(2,0) = F o H(z,0) = F(z,9(x)) = (z, f(z, 9(x))).
Thus f(G(z)) = 0 for all x € W and condition (c) in item (iii) holds as does the reverse
inclusion in (b). On the other hand, if (z,y) € O and f(z,y) = 0, then z € W and
thus F(z,g(z)) = (x,0) = F(z,y). Since F is one-one, it follows that y = ¢g(z). Hence,
condition (b) in item (iii) holds and moreover, g is uniquely determined.

O

Example 16.7. Define f : R? — R by f(z,y) = #* +y* — 1. The derivative (gradient) of
f is then,

Vi(z,y) =2 y).
In particular, Vf # 0 on the set f(x,y) = 0. If f(a,b) = 0 and b # 0, then there is
an open set W containing a (in R), an open set O containing (a,b) and a continuously
differentiable function g : W — R such that g(a) = b and f(z,g(z)) = 0. In fact,
(z,y) € O and f(z,y) = 0 if and only if y = g(x).

Likewise, if a # 0, then there is an open set V' containing b (in R) and a continuously
differentiable function h : V' — R such that h(b) = a and f(h(y),y) = 0.

Of course in this example it is a simple matter to actually solve g and h. A
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Example 16.8. Consider the lemniscate

flz,y) = (2® +9y°)° —2(a® —*) = 0.

(See en.wikipedia.org/wiki/Lemniscate_of Bernoulli for a picture.) In polar coordi-
nates it takes the form r? = 2 cos(26), from which it can be seen to look like a (horizontal)
figure eight. The gradient of f is

Vi(z,y) = (42° + day® — da, 4y° + 42%y + 4y)

which can vanish only for y = 0 in which case x = 0 or = £1. Since the points (£1,0)
are not on the lemniscate, except for the point (0,0), the Implicit Function Theorem says
that the lemniscate is (locally) the graph of a function (either y = g(z) of z = h(y)).
The theorem is silent on whether this is possible near (0,0); however from the picture it
is evident that the lemniscate is not the graph of a function in any open set containing

(0,0). A

Example 16.9. Let f(x,y) =y — 2®. The set f(z,y) = 0 is just the graph of a continu-
ously differentiable function, namely y = 23. It is also the graph of z = y% which is not
continuously differentiable at 0. Note that V f(0,0) = (0, 1) so that the implicit function
theorem is silent on writing = as a function of y near (0,0) A

Example 16.10. The solution set of 22 = 3® is the Neile parabola (see

en.wikipedia.org/wiki/Neile parabola). Let f(x,y) = x*—y>. Then the gradient of f
vanishes at (0,0). In this case the set f(z,y) = 0 is the graph of a function y = 23 = g(z),
but g(x) is not differentiable at 0. On the other hand, this set is not the graph of a function
x = h(y) near (0,0). A

Example 16.11. Define F : R* — R? by
F(ZE’ Y, u, U) = ((‘TQ - y2) - (US - 3U’U2)7 21"!/ - (3U2U - ,03))‘

Verify that near any point, except for 0, on the set F'(x,y,u,v) = 0 it is possible to solve
for either (u,v) = g(z,y) or (z,y) = h(u,v). (Note: using complex numbers, this example
can be written as 22 = w?® and so is the complex version of the Neile parabola). A

The discussion of the Implicit Function Theorem continues in the following subsection.

16.4. Immersions, Embeddings, and Surfaces*. As indicated by the * this section
is optional. It contains an informal introduction to surfaces. The main technical tool is
the Implicit Function Theorem.

Suppose T' is an m X k matrix. Viewed as a linear mapping, 7" is one-one if and only
if the columns of 7" form a linearly independent set (and of course necessarily m > k).
Likewise, T" is onto if and only if the columns of 7" span R™ (and of course necessarily
k > m). In particular, T is onto if and only if 7" has an m X m invertible submatrix.

Definition 16.12. Let W C R™ be an open set. An immersion f : W — R is a
continuously differentiable function such that Df(x) is one-one at each point x € W.
Note that necessarily & > n. N
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Example 16.13. The map f : R — R? given by f(t) = (cos(t),sin(t)) is an immersion.
A

Definition 16.14. The immersion f : W — R¥ is an embedding if it is one-one and the
inverse of f: W — f(W) is continuous. 4

Example 16.15. Define ¢ : (—1,27) — R? as follows. Let o (t) = (1,¢) for —1 < ¢ < 0;
and ¢(t) = (cos(t),sin(t)) for 0 < ¢t < 2w. Then ® is a one-one immersion. However, it is
not an embedding, since the inverse is not continuous at (1,0). A

Example 16.16. The function g; : (—7,7) — R? defined by g;(t) = (cos(t),sin(¢)) is an
embedding; as is g, : (0,27) defined by go(t) = (cos(t), sin(t)). Thus, the circle 22 +y? = 1
is locally the image of an embedding. A

If W Cc R"is open and f : W — R™ is continuously differentiable, then the mapping
G : W — R™™ defined by
G(z) = (z, f(x))

is a embedding. Indeed, in block matrix form,

In

and hence DG(z) is one-one. Further, the projection mapping 7 : R"* = R*GR™ — R"
defined by m(z,y) = z is continuous and its restriction to the range of G is the inverse of
G. Hence GG has a continuous inverse.

Definition 16.17. An n dimensional surface in R¥ is a (non-empty) set S C R* such that
for each point s € S there is an open set O containing s in R*, an open subset W C R",
and an embedding G : W — R* such that G(W)=0nNS. N

Example 16.18. The discussion preceding the definition shows that the graph of a con-
tinuously differentiable function is a surface.

Example 16.15 shows that the circle 22 + 4> = 1 in R? is a 1-dimensional surface in
R A

Theorem 16.19. Suppose U C R* is an open set, f : U — R™ is continuously differen-
tiable, and S = {z € U : f(z) = 0} is non-empty.

If Df(z) is onto for each z € S, then S is a k — m dimensional surface.
Note that the onto hypotheses implies £ > m. Let n = k — m so that £k =n + m.

Proof. Let s € S be given. Since Df(s) is onto, by relabeling the variables if needed, it
can be assumed that Df(s)J : R™ — R™ is invertible, where J is define in Equation (27).
By the Implicit Function Theorem (Theorem 16.6), there exists open sets a € W C R”
and (a,b) € O C R™™ and a (unique) continuously differentiable function g : W — R™
such that

{z=(2,9): fz,9) =0} N O = {(x,9(x)) : x € W}.
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To see that G : W — O given by G(x) = (z,g(x)) is the desired embedding, note that
its inverse (on its range) is given by (z,g(z)) — = and is thus continuous (as it is the
restriction of a coordinate projection to the range of G). O

Example 16.20. The following example shows that the converse of the preceding theorem
is false. Define f: R*> — R by f(z,y) = 2> + y* — 1, let h = f%. The curve f(z,y) =0
is of course the unit circle as is the curve h(z,y) = 0. Thus h(z,y) = 0 defines a surface.

On the other hand,
V(h) = 4f(z,y)V(f)
which vanishes at every point on f(x,y) = 0.

For a more subtle example, consider 0 = p(z,y) = y* + 22%y — x*. The gradient of
p at (0,0) is (0,0). On the other hand, near (0,0) this curve can also be expressed as

0=g(x,y) =2 —y(1++/T+y) and V(g)(0,0) = (0 1) #0. A
Example 16.21. Define F : R* — R? by
F(z,y,u,v) = (2* —y* +u* —v* — 1, 20y + 2uv).

Verify that F'(z,y,u,v) = 0 is a 2 dimensional surface (in R*). (Note, this is the complex
sphere 22 + w? = 1.) A

16.5. Exercises.
Exercise 16.1. Consider the function f : R? — R? defined by

fz,y) = (zy, 2 —y).
Compute D f(z,y). Verify that the inverse function theorem applies at the point (1,1).
What is the conclusion? Find an open set U containing (1,1) on which f is one-one and
find the inverse of f restricted to U (viewed as a map onto its range). [Hint: Note if
xy = ab and x —y = a — b, then 22 + y?> = a® + b? and hence both (z,y) and (a,b) are
points of intersection of the same line and circle.]

1

Find the image of the set {(z,y) : 3 <z < 2,5 <y < 2} under f.

Exercise 16.2. What does the inverse function theorem say about the mapping F : R3 —
R? defined by

F(p,0,¢) = p(sin(0) sin(¢), sin(0) sin(¢), cos(¢)).
Fixing p = 1 gives a mapping G : R? — R? defined by
G(0,¢) = (sin(0) cos(¢), sin(0) sin(¢), cos(¢)).
What is the image of G7
Exercise 16.3. Consider the mapping f : R® — R defined by
flz,y,2) =1 — (2% + 4> + 22).

Show that the set S = {(z,y,2) € R®: f(z,y,2) = 0} is a surface. Find, for each point
s € S, an open set U C R? and an embedding g : U — S onto an open set in S containing
s. The collection (g,U) is a set of local parameterizations.
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16.6. Problems.

Problem 16.1. In real coordinates, the complex function z — 22 takes the form F :
R? — R?, F(x,y) = (z* — y?, 2zy). Prove that if (a,b) # (0,0), then there is an open set
U containing (a, b) such that F'(U) is open and F|y : U — F(U) is one-one.

In the case that (a,b) = (1,0) find such a U and compute the inverse of F': U — F(U).
As above, with (a,b) = (—1,0).
Problem 16.2. Suppose f = f(z,y,2) : R® — R is continuously differentiable. Show, if
f(a,b,¢) =0 and %(a, b,c) # 0, then the relation f(z,y,z) = 0 defines z = g(z,y) near
the point (a,b,c). Show further that, at the point (a, b, ¢),
9 _ &
ox %'
This is implicit differentiation. Note that the necessary assumption that the denominator

above is not 0 (at (a,b,c)) is sufficient to establish that, at least locally, z is indeed a
function of (x,y) (an issue which is not directly addressed in most calculus texts).

Show yz = log(z + z) — log(3) defines z as a function of (z,y) near (2,0,1) and find £
at this point.

Problem 16.3. Fix R > r > 0 and define F' : R® — R by
F(z,y,2) = (R* —r* + 2% + > + 25 — 4R*(2* + 7).
Show the set F(z,y,z) = 0 is a surface - called a torus.
Use

x(u,v) =(R + rcosv) cosu
y(u,v) =(R+ rcosv)sinu
z(u,v) =rsinwv,
to informally identify a set of local parametrizations (see Exercise 16.3).

Problem 16.4. Note that the point (z,y,u,v,w) = (1,1,1,1, —1) satisfies the system of
equations

u® — 2v® +y +w =0
v° —yu® + 1z +w =0
w4+ 9° — a2t —1=0

Explain why there exists an open set containing (z,y) = (1,1) and continuously dif-
ferentiable functions wu(z,y), v(z,y) and w(x,y) such that u(1,1) = 1 = v(1,1) and
w(1,1) = —1 and such that (x,y,u,v,w) satisfy the system of equations.

Problem 16.5. Consider the folium of Descartes, described implicitly as
flz,y) = 2® +y° — 3azy = 0,

(for a fixed a > 0). Show that the implicit function theorem says that f is locally the
graph of a function for any point (zo,%0) # (0,0) with f(xo,y0) = 0. Hence it is in
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principle possible to solve for x as a function of y or y as a function of x near any point,
except possibly (0,0), on the curve. A couple of parametric representations can be found
at http://en.wikipedia.org/wiki/Folium_of_Descartes from which it is evident that
near (0,0) the curve f(z,y) = 0 is not the graph of function.

Problem 16.6. The parabolic folium is described implicitly as
2% = a(x?* — y?) + by
(for a,b > 0). What does the implicit function theorem say?
Problem 16.7. What can be said about solving the system
? — o 4+ 2P +0? =3
22y 4+ y* — u? + 3v* =5

for (u,v) in terms of (z,y) near the point (z,y,u,v) = (1,1,1,1)?


http://en.wikipedia.org/wiki/Folium_of_Descartes
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