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Metric concepts. Approximation

In these notes, we often review several basic metric or topological properties which should be
well known from earlier courses. However, in view of the many differences between advanced under-
graduate courses at different institutions, here we collect in one place some of the most important
definitions, examples and facts which will be useful in the rest of the course. This is a rather con-
densed version of a large number of concepts and facts and only constitutes a very brief review but
still includes a number of details, proofs, and examples.

Like in any area of Mathematics, a thorough knowledge of these concepts can only be acquired
over a period of time and after reading portions of several texts, starting from simpler texts and ending
with advanced ones on Analysis and Topology, in addition to doing appropriate exercises. Should a
more detailed study of these topics be needed, some recommendations for reading can be found at
the end of these notes, like in other lectures.

Notation. Throughout these lecture notes, N = {1, 2,3, ...} will denote the set of positive integers (also

called natural numbers), Z the set of all integers, Q the set of all rational numbers, R the set of all real
numbers, and C the set of all complex numbers.

Elementary metric and topological concepts: a review

This concept was covered in at least some undergraduate courses such as Advanced
Calculus, Mathematical Analysis, Real Analysis, or Topology. In what follows, X will always be a non-
empty set.

Definition. A metric on the set X # ¢ is a function d : X x X — R with the following properties:

* d(x,y)=0forx, ye X;

* d(x,y)=0ifand onlyif x = y;

* d(y,x)=d(x,y), forall x, y € X (symmetry);

* d(x,z) <d(x,y)+d(y, z), forall x, y, z€ X (triangle inequality).
The number d(x, y) is called the distance between x and y. The ordered pair (X, d) is called a metric
space.

Of course, it is often possible to define different metrics on a given space X.

Example 1. Every set X with at least two elements admits the so-called discrete metric defined as
d(x,x)=0andd(x,y) =1, whenever x # y.



Example 2. A metric can be defined in R* = R x R in many ways. In addition to the well-known Eu-
clidean distance defined by d»((x1, y1), (X2, y2)) = \/(xl — X2)? + (y1 — ¥2)? it does not take much effort to
check that

dy ((x1, y1), (X2, y2)) = [x1 — Xl +1y1 = Yol deo((x1, ¥1), (X2, ¥2)) = max{|x; — xal,1y1 — y2l}
are define metrics.

In any subset Y c X of a metric space (X, d) the distance between two points can be computed
by the formula for their distance in X. Thus, the set Y, together with the restriction of d to Y x Y,
is a metric space itself. We refer to Y as a metric subspace of X. The metric obtained in this way is
called the metric induced by d (or inherited from (X, d)). For the sake of simplicity, we will write (Y, d)
instead of the more formal (Y, d|y«y).

In this section we review briefly a very important kind of metric spaces which de-
serve a special study. Later on, some lectures will be devoted to the typical techniques in Banach and
Hilbert spaces.

In certain vector spaces, in addition to the usual algebraic operations (sums and scalar multiples
of vectors that satisfy the standard laws known from Linear Algebra), we can obtain an additional
structure by defining a norm.

Definition. Let X be a vector space over the field K € {R,C}. A normin X is a function || - || : X = R
with the following properties:

e |x||=0forall xe X;

* | x| =0if and only if x = 0, the null vector of the space;

e [[Ax|ll = |Alllx]l, for all x € X and all A € K (homogeneity);

e [ x+yll <llxll+ Iyl forall x, y € X (triangle inequality).

The ordered pair (X, d) is called a normed space.

Note that a vector space may admit more than one norm. Any norm defined on X induces a nat-
ural distance in X, which provides a metric structure (hence automatically a topological structure).
This is done simply by defining d(x, y) = |x — y|l. Hence, every normed space is also a metric space.
We shall refer to the above metric d as the natural metric induced by the norm.

Example 3. The usual norm onR is the absolute value: | x| = | x|, for all x € R. On the Euclidean space
R"=RxR...xR={(x1,%2,...,X,) : X1,X2,..., X, ER}

we can define a different norm | - ||, for any given number p € [1,00) by

n 1/p
I1(x1, X2, .., Xl p = (Z kal’”) ,
k=1

generalizing the expressions from Example 2.



Note that, in order to check that || || , is actually a norm one needs to check the triangle inequality,
which is the basic Minkowski inequality:

n 1/p n 1/p n 1/p
(Z |xk—J/k|p) < (Z |xk|p) +(Z |J’k|p) .
k:1 k':l k':l

Since every normed space has a natural metric, by definition, saying that a sequence of vectors
(xn)n in X converges to an element x € X in the norm easily translates to d(x,,x) = |x, — x| — 0 as
n — oo. This amounts to saying that for each € > 0 we can find N € N such that for all n = N we have
llxn — x|l <e.

In these lectures we will review several familiar normed spaces, in addition to some new ones. We
recall one function space that is very important in the questions of uniform approximation.

Example 4. The space of all real-valued and continuous functions in [a, b], where —oco < a < b < oo,
will be denoted by €| a, b]. Anorm on €a, b] can be defined as || f || = max,<x<p | f (x)|. Convergencein
this space is equivalent to uniform convergence of f,, to f in|a, b].

Uniform convergence will be discussed in greater generality and in more detail in these notes.
Let (X, d) be a metric space. We review some important types of sets and fix the notation.

Definition. The open ball of radius r centered at Xe X is the set B(x;r) ={y€ X : d(x,y) <r}. The
closed ball centered at x and of radius r is the set B(x;r) = {y € X : d(x,y) < r}. (The notation B, (x)
and B, (x) is used often as well.)

In the plane (Euclidean space R? of dimension two) an open ball is an open disc and the closed
ball is a closed disc (a disc with the circle added); in the three-dimensional Euclidean space R3 with
the usual metric it is a ball in the usual sense.

Here is an exercise which you are probably already familiar with: draw the ball B((0,0);1) in R?,
centered at the origin and of radius one, if d is defined by d; ((x1, y1), (X2, ¥2)) = |x1 — X2| + |y1 — y2|; do
the same for do, ((x1, y1), (X2, ¥2)) = max{|x; — x2|,|y1 — y21}. Clearly, these sets will be different from the
standard Euclidean ball with respect to the metric d».

Definition. A set U in a metric spaces is said to be an open set if for every x € U there exists a radius
r =ry >0such that B(x;r) c U.

It follows immediately that every open set U is a union of open balls centered at points of U:
U = Uyxeu B(x; ry). Reciprocally, every union of open balls clearly has the property of being an open
set: given a point x in the union, it belongs to some ball (not necessarily centered at x and then it is
easy to find a smaller ball centered at x and contained in the union. This shows the following:

Proposition 1. A set in a metric space is open if and only if it is a union of some collection of open balls.

In particular, every open ball is an open set. Here are some general properties of open sets that are
easy to prove from the definition.



Proposition 2. The open sets in a metric space have the following basic properties.

(1) @ and X are open sets.

(2) the intersection of any two open sets is again open.

(3) the union of an arbitrary collection (finite, countable or uncountable) of open sets is again an open
set.

We recall that any family of subsets of X that has these three properties is called a fopology and a
space equipped with a topology is called a topological space. Thus, every metric space is a topological
space, when equipped with the topology defined via open balls as above, called the natural topology
or topology induced by the metric.

In an example for R? given above, it is not difficult to check that, even though the balls in the
metrics d; and d, do not coincide, the collections of open sets in these two metrics are the same;
thatis, a setis open in one of them if and only if it is open in the other. In other words, they induce the
same topology in spite of being different metrics. This is so because a ball in one of them contains a
ball in the other and is also contained in another ball in that metric. Moreover, the open sets in these
two metrics coincide with the open sets in the usual Euclidean metric. We say that the usual topology
is compatible with any of these metrics.

Itis important to keep in mind that there are topological spaces in which no metric can be defined
that is compatible with the topology. Such spaces are called non-metrizable spaces.

Definition. By an open neighborhood of a point x € X we mean any open set containing x.
In particular, every open ball is an open neighborhood of x.

We now recall a typical operation that produces an open set starting from an arbi-
trary set: the operation of taking the interior of a set.

Definition. Let X be a metric space and A c X. A point x is said to an interior point of A if there exists
aradius r > 0 such that B(x;r) c A. The set of all interior points of A is called the interior of A and is

typically denoted by Int A or by A.
Note that the interior of a set can sometimes be empty. The following properties can be inferred
from the definition.

Proposition 3. For every set A in a metric space, the following are true.

(1) Int A is an open set and Int A c A.

(2) Moreover, Int A is the largest open set contained in A and, thus, coincides with the union of all open
sets contained in A..

(3) Int (Int A) = Int A (taking the interior is an idempotent operation).

(4) Ais open if and only A =1Int A.

We recall another important type of sets in metric spaces. The definition
below can be used in topological spaces in general.
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Definition. A set F in a metric spaces X is said to be a closed set if its complementary set F¢ = X \ F is
an open set.

The following statement, dual to Proposition 2, is easy to deduce from the above definition by
taking complements and using de Morgan’s laws.

Proposition 4. The closed sets in a metric space have the following basic properties.
(1) @ and X are closed sets.

(2) the union of any two closed sets is again closed.

(3) the intersection of an arbitrary collection of closed sets is again a closed set.

Here is a basic and very useful property that characterizes closed sets in metric spaces.

Proposition 5. F is a closed subset of a metric space X if and only if for every sequence (x,) in F such
that x, — x for some x € X, we havee€ F.

In other words, F is closed if and only if it contains all of its limit points. This is not difficult to prove
from the definition. It can be used, for example, to show that every closed ball is actually a closed set.

Definition. The closure of a set A is the smallest closed set that contains A; equivalently, it is the
intersection of all closed sets that contain A. Notation: A or Cl A.

(The above definition is valid both in metric and in topological spaces.) For example, the closure of
the open ball B(x;r) in the Euclidean space R” coincides with the closed ball B(x;r). The following
characterization is well known.

Proposition 6. In a metric space X, the closure Cl A is the set of all x € X such that x,, — x for some
sequence (xy) of points in A.

Note that the sequence mentioned above can be a sequence of distinct points or a stationary se-
quence, with all points being equal to x (or a mixture of both types).
The following dual statement to Proposition 3 is clear from the definition.

Proposition 7. For every set A in a metric space, the following are true.
(1) ClA is a closed set.

(2)Cl Ao A.

(3) C1(Cl A) = Cl A (taking the closure is an idempotent operation,).

(4) A is closed if and only A = Cl A.



The convergence of sequences in metric spaces is defined in a way
analogous to the one known from Calculus.

Definition. A sequence (x,))” , in X converges to an element x € X if
Ve>0INeNVneN, n=N=>d(x,,x)<ec.

The last inequality can be expressed as x, € B(x;€). We denote the convergence of (x,), to x by
writing lim,,_.o, X, = X or X, — X, n — 00, as is usual.

In the context of metric spaces, it is easily shown that if a limit of a sequence exists, it must be
unique. (To see this, just imitate the familiar proof of calculus and write it in metric terms.)

The above definition can also be formulated in equivalent terms by using open neighborhoods
instead of open balls. However, trying to adapt it to the context of topological spaces (using open
neighborhoods since no balls are available) causes certain problems, for example, non-uniqueness
of limits. Thus, certain additional separation properties are often required from the topology.

The following simple characterization of closed sets in metric spaces is well known and very use-
ful. It is easy to prove using the definition of a closed set.

Proposition 8. A set F in a metric space X is closed if and only if for every sequence (x,), in F, if x, — X,
n—oo,thenxeF.

We begin with two definitions. The first one is essentially the same as in
the Euclidean space and the second one takes into account that, in a general metric space, there is no
“origin” as in R”.

Definition. A sequence (x,), in a metric space (X, d) is a said to be a Cauchy sequence if for every
€ > 0 there exists N € N such that for all m, n€ N,

m>n=N=>d(x,,x,) <€t.

Recall that a sequence (x,), in a metric space (X, d) is said to be bounded if the_re exists a point x € X
and a constant R > 0 such that d(x, x,;) < R for all n € N; in other words, if x,, € B(x; R) for all n € N.

It is immediate from the definition that every Cauchy sequence is bounded: given € > 0, take n = N
to see that d(x;,, xy) < € for all m = N; let M = max{d(xy, xy) : 1 < k < N}. Then for all m € N we have
d(Xm, xN) < R =min{e, M}.

Also, it is easy to check that every convergent sequence is a Cauchy sequence but, in general, a
Cauchy sequence need not be convergent (it is well known that this happens with various sequences
in Q). Those spaces in which this always happens deserve special attention.

Definition. A metric space is said to be complete if every Cauchy sequence in it is convergent. A
complete normed space is called a Banach space.



R and, more generally, R” with the usual metric are standard examples of complete spaces. They are
also Banach spaces over the field of scalars R (that is, they are real Banach spaces). C" is a complex
Banach space; that is, a Banach space over the scalar field C. €[a, b] is another Banach space.

Using arguments based on sequences, it is rather easy to prove the following observation (another
good review exercise!).

Proposition 9. Let (X, d) be a complete metric space and Y < X. Then the space (Y,d) is complete if
and only if Y is closed in X.

The subset Q of the real line is not a complete metric space, as is well known. However, it can be
enlarged to R to obtain a complete metric space. Actually, every metric space can be completed (in
an abstract way, meaning that we may not actually be able to recognize clearly the completion as a
specific space). Here is a precise statement.

Theorem 1. For every metric space (X, d) there exists a complete metric space (Y, D) such that a certain
subspace X* of Y is isometrically isomorphic to X; that is, there is a bijective map f : X — X* such that
D(f(x), f(y) =d(x,y) forallx, y € X.

It is usually said that Y contains an isometric copy X* of X. As a basic example, after completing the
metric space Q) with the usual distance, we obtain a space isometrically isomorphic to R.

The definition of continuity of a function between two metric spaces is quite
similar to the one seen earlier for functions between Euclidean spaces.

Definition. A function f : X — Y between two metric spaces (X, d) and Y, p) is said to be continuous
at the point a € X if for every € > 0 there exists a 6 > 0 such that for all x € X, d(x,y) < § implies
o(f(x), f(a)) < e. We say that f is continuous on X if it is continuous at every point of X.

Here is a simple characterization of continuity in sequential terms. The proof is standard and
similar to the one from Calculus.

Proposition 10. A function f : X — Y between two metric spaces (X,d) and Y, p) is continuous at the
point a € X if and only if for every sequence of points (x,), in X convergent to the point a, the sequence
(f (xn))n is convergent to f(a).

Let f : X — Y and S c Y. Recall that the inverse image or pre-image of the set S under f is the set
f1(S)={xe X : f(x) € Y}. For example, if f : R— Rand f(x) = x?, then f~1([4,9)) = [2,3) U (-3, -2].
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Proposition 11. A function f : X — Y between two metric spaces is continuous on X if and only if for
every open setV in Y, the inverse image f~' (V) is an open set in X.

Similarly, f : X — Y is continuous on X if and only if for every closed set F in Y, the inverse image
f~Y(F) isan open setin X.

Example 5. The set F = {(x,y) € R? : x> + xy* = 1} is closed because the function f : R*> — R given by
f(x,y) = x*>+ xy* is continuous (being a polynomial in x and y), F = f~'({1}) and {1} is a closed subset
of R. Also, the set U = {(x,y) € R? : x>+ xy* > 1} isopen sinceU = f~1(1,00) and (1,00) is an open subset
of R.

Compact sets can be defined in metric spaces and, more generally, in topological
spaces. In the case of metric spaces, the different possible definitions (or descriptions) all coincide.

Definition. A set K in a topological space (and, in particular, in a metric space) X is said to be compact
(or to have the Heine-Borel property) if from every open cover of K we can extract a finite subcover. In
other words, if Uy, a € I are open sets in X such that K c Uge; Ug, then there exist ay,...,a, € I such
that K c UZZI Ug,.-

In a metric space, a set K is said to be sequentially compact (or to have the Bolzano-Weierstrass
property) if every sequence (x,), of points in K has a subsequence (x,,); convergent to some point
xeK, k— oco.

A set A (in any topological space, including metric spaces) is said to be relatively sequentially
compact if its closure A is compact.

Example 6. Every finite set (in any topological space) is compact.
InR, equipped with the usual metric, the finite closed interval |0, 1] is compact. The intervals (0,1)
and [0, 1) are not compact but are relatively compact since the closure of each of them is [0, 1].

Theorem 2. For a set K in a metric space (X, d), the following statements are equivalent:
(a) K is sequentially compact;
(b) K is compact in the Heine-Borel sense of open covers.

This results gives us the advantage of using any of the equivalent characterizations of compactness in
different proofs, choosing the most convenient one on each occasion.

Proposition 12. In a metric space, every compact set is closed and bounded.



In a topological space, defining boundedness in general does not make sense and a compact set (for
example, a finite set in certain “pathological topologies”) need not be closed.

In Euclidean spaces, the converse to the above property is also true. The reader can easily check
that the closure of a bounded set is also bounded (the converse being trivial: if the closure of a set is
bounded, so is the set itself).

Theorem 3. (Heine-Borel). A subset of R" (with its usual Euclidean metric) is compact if and only if it
is closed and bounded.
Similarly, a set is relatively compact if and only if it is bounded.

The following property of compact sets is well known and holds in any topological space, with an
identical proof.

Lemma 1. Every closed subset of a compact set in a metric space is also compact.

PROOE. Let X be the space and F the closed subset. Consider an arbitrary open cover {U,, : a € I} of F.
Add to it the complementary set F¢ = X \ F, which is open. This extended cover is now an open cover
of X and, thus, has a finite subcover: Uyj,...,Uy,, one of these sets possibly being F¢. Since F°NF = @,
we may remove F¢ from this cover if necessary; the remaining sets Uj,...,U, clearly cover F. This
shows that every open cover of F has a finite subcover, hence F is compact. B

The following basic property of compact sets should be familiar from a topology course. It actually
holds in any topological space.

Lemma 2. (Finite intersection property) Let # = {K, : a € I} be a collection of compact sets in a metric
space X. If Ngej Ko # @ for every finite subcollection J < I, then(Nge; Ko # @.

PROOF. Assume the contrary to what is claimed: Nye; Ko = @. Then, fixing one set K € £, we have

C
KﬁcX:(bC:(ﬂKa) - UK.

ael ael
Since each K, is a compact set in the metric space X, it is closed, so each set K is open. By compact-
ness of K we may extract a finite subcover; that is, there exists a finite subcollection J c I such that

c
KﬁcUng(ﬂKa) :
ac] ac]

But then Kgn (Nges K) = @, meaning that the finite collection {K, : a € JU{f}} has an empty intersec-
tion, contrary to the assumption of the lemma. This contradiction proves that Naec; Ky # ¢. B
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Note that the property used above: a compact subset of a metric spaces is closed, is not valid in
general topological spaces. One simple counterexample is given by X = {a, b}, with a # b and the
Sierpiniski topology: I = {@,{a}, X} (after the Polish topologist Wactaw Sierpinski, 1882-1969). It is
clear that this family is a topology. In this topology, the set {a} is compact by being finite. However, it
is not closed since its complementary set {b} does not belong to J.

Of course, it is very useful to have a necessary and sufficient condition for compactness although
this is not easy in an arbitrary space. In other metric spaces, characterizations of compact sets (and
also of relatively compact sets) are a bit more involved. In all of them some kind of boundedness
appears as a necessary condition. We will review later the Arzela-Ascoli theorem describing the rel-
atively compact sets in the space €[a, b]. If time permits it, we may also see the Montel theorem
describing compactness in the metric space of analytic functions on a planar domain, or the theorem
of Kolmogorov characterizing compact sets in the Lebesgue space L” (a, b).

We now turn to another important property of compact sets. We recall that the product of two
metric spaces, (X, d) and (Y, p) can be defined as the set X x Y equipped with the metric

D((x1, y1), (X2, ¥2)) = d(x1, X2) + p(y1,¥2) -
Alternatively, one can use the maximum instead of the sum, leading to the same open, closed, and

compact sets. Products of finitely many spaces are defined by induction. This is all quite similar to
defining the metric in R? from the metric in R, etc.

Example 7. Ifwe consider the usual metric d(x,y) = |x—y| inR, the formula

dy ((x1, Y1), (X2, ¥2)) = |x1 — X2| + [y1 — ¥l

defines a product metric inR? = RxR. Of course, this metric induces the usual topology (the usual open
sets) in the plane.

Here is a basic result on compactness of products. Note that the name of the author (after being
transliterated from the Russian Cyrillic alphabet) is spelled in many different ways in English, Ger-
man, or French, a frequent spelling being Tychonoff.

Theorem 4. (Tikhonov). The Cartesian product of two compact spaces is compact. By induction, the
same is true for any finite Cartesian product of compact sets.

The proof is analogous to that of proving the Bolzano-Weierstrass theorem in R”. In particular, we
have that [a, b] x [c, d] is a compact set in R? and also [a, b] x F is compact for any finite set F c R.

The above important theorem continues to hold for infinite Cartesian products but is rather diffi-
cult to prove. To begin with, if we have a product of uncountably many sets, we need to use the Axiom
of Choice to justify its existence. Next, one has to define a topology in the Cartesian product of an
arbitrary family of topological or metric spaces (the so-called product topology); this can be found in
topology text such as the book by Munkres. After taking care of these initial steps, the actual proofis
quite non-trivial and is often omitted in a first course in Topology.

Another important feature of compactness is that it is preserved by continuous functions.
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Theorem 5. Let f : X — Y be a function between two metric spaces. If K c X compact and f € € (K),
then f(K) is compact.

In particular, when K is compact, every function in € (K,R) is bounded and attains on K its maxi-
mum (and its minimum).

This is a standard result from a Topology or Real Analysis course. Thus, we omit the proof.

Uniform convergence and its applications

We are already familiar with uniform convergence on inter-
vals and, possibly, also on more general sets. Uniform convergence can be generalized in a simple
and direct way to the context of functions from an arbitrary set into a metric space as follows.

Definition. Let E # @ be a set, let (X, d) be a metric space and f, f,, : E — X, n € N. We say that the
sequence of functions (f;,), converges uniformly to f on E if

Ve>0IdNeNVn=NVxeE, d(f,(x), f(x)<e.
To denote uniform convergence, the following notation will be used: f,, =g f.
The following statement generalizes a known result for real-valued functions.

Theorem 6. If a sequence of functions f, : X — Y between two metric spaces converges to [ uniformly
on X and all f,, are continuous on X, then f is also continuous on X.

PROOE. Let d and p be the respective metrics on X and Y, all f;, : X — Y continuous on X, and
suppose that f;, =x f. We will show that f is continuous at every point of X. Let a € X be arbitrary.
Given € > 0, we need to find a number 6 > 0 such that

VxeX dx,a)<d6d=p(f(x), fla) <e.
Since f,, =x f, there exists N € N such that
Vxe X, p(f(0), fx(0) <.

(It suffices to fix just one sufficiently large index N.) In particular, this holds for x = a.
Since fy is continuous on X, it is continuous at the point a in particular, hence

36>0 Vxe X d(x,a) <6 = p(fy(x), fn(@) < g

Next, by triangle inequality and the information we have, for every x € X with d(x, a) < 6 we obtain

p(F0, (@) = p(f (), fn(0) + p(fy (), (@) + p(fn(@), f(@) < g + g + g e n

The following important result if well known from undergraduate courses.
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Theorem 7. Let —oco < a < b < +oo. If a sequence of functions f,, € €a, b] converges to f uniformly on
la, D], then

b b
’111_1}010f fn(x)dx:f fa(x)dx.

PROOE. Taking into account that f € €[a, b] by Theorem 6, we know that f is also Riemann-integrable
over [a, b]. Choosing n large enough so that | f;,(x) — f(x)| < €/(b— a) for all x € [a, b], we have imme-
diately that

b b b
f fn(x)dx—f fx)dx sf | fn(x) = fn(x)|dx<E€.
a a a

for all such n. B

Let E # @ be a set; frequently, E will be a subspace
of a metric space (X, d) but this is not required in general. We denote by B(E) the collection of all
bounded functions from E to K, where K € {R,C} (B stands for bounded); that is, of all the functions
for which there exists a constant M > 0 such that | f(x)| < M for all x € E.

Whenever it is not clear from the context whether the functions are real or complex valued, we
shall use the notation B(E,R) or B(E,C) in order to clarify this. The space B(E) can be equipped with
the supremum norm, given by

I fllco =sup{l f(x)| : x € E}.

It is easy to interpret the convergence of a sequence of functions in this norm: f;, — fin || - [ .c means

that
I fn—=fll=sup|fn(x)- f(x)|—0, n-—oo.
xeE

That is,
Ve>03dNeNVn=N sup|f,(x)- f(x)|<e.

x€eE
This immediately implies that

Ve>0IANeNVn=NVxeE|f,(x)- f(x)|<e.

The converse is also true; it follows easily by modifying slightly the value of €. In other words, conver-
gence of f,, to f in the norm of the space means exactly that f;, converges to f uniformlyin E.

It is easy to see that the sum of two bounded functions is bounded and a constant multiple of a
bounded function is also bounded, hence B(E) is a vector space.

Proposition 13. B(E) is a complete normed space (a Banach space).

PROOE. The following is a standard procedure for showing that a space is complete.

Let (f,)n be a Cauchy sequence in B(E) and let € > 0 be given. We can find N € N such that,
whenever m > n = N, we have | f;,,(x) — f,,(x)| < €. This means that, for each fixed x € E, the sequence
of numbers (f;,(x)), is a Cauchy sequence (in R or in C). Since both in R and C are complete, any such
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sequence is convergent. That is, for each x € E there exists a number (real or complex) f(x) such that
f(x) =lim,— fr(x). This defines a real (or complex) function f on E.

Next, f is a bounded function. This can be argued as follows. Since (f,), is a Cauchy sequence in
the norm of the space B(E), it is bounded in the norm, hence there exist M > 0 such that

| full =suplfr(x)| <M, VneN.
xeE

Thus, taking the limit as n — oo, we see that | f(x)| < M for all x € E.

Finally, for arbitrary n = N, taking the limit in | f;,;,(x) — f,(x)| < € as m — oo, we conclude that
| f(x) — fn(x)| < €. Since this holds for all x € E, it follows that || f — f,|| < €. This proves that f,, — f in
the norm of B(E). B

An important subset of B(E) is € (E), the space of all bounded and continuous functions on E, equipped
with the same norm. (Note that, in general, continuity of a function on a set E does not imply its
boundedness on E; however, on certain sets to be reviewed latter this will happen.)

Proposition 14. € (E) is a closed subspace of B(E). Hence, it is also a Banach space (in particular, a
complete metric space).

PROOE. If f,, € €¢(E) and f, = f, it follows by Theorem 6 that also f € € (E). It is an easy exercise
(see Problem Set 1) to check that if f;, are all bounded E and form a convergent sequence (hence,
a bounded sequence in the sup norm), the limit function f is also bounded on E. It follows that
f € €(E). Since 6(E) is a closed subspace of B(E), which is complete in view of Proposition 13, it
follows by Proposition 9 that € (E) is also a complete metric space. .

The case of main interest to us will be the case when E = K, a compact set in a metric space. In
this case, every function in ¢ (K) is automatically bounded by Theorem 6.

. The concept of uniform convergence of function sequences
is easily extended to functional series, in a natural way.

Definition. Let E # ¢ beasetand f, : E— R (or f,, : E — C). The series of functions }.97 | f,(x) is said
to converge uniformly on E if the sequence of its partial sums Sy(x) = Z]r:]:l fn(x) converges to some
function S(x) uniformly for all x € E. As is usual, S(x) is called the sum of the series.

The well-known criterion stated below also works both for real-valued and for complex-valued
functions.

Theorem 8. (Weierstrass’ M -test). Suppose that the inequality | f,,(x)| < M,, holds for all for everyn € N
and for all x € E. If ¥, M, is a convergent series, then the series 3.\ | fu(x) converges uniformly (and
absolutely) on E.
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PROOE. For N € N, let Sy(x) = X f,(x) be the partial sums of the functional series. We ought
to show that this series converges uniformly on E. To this end, by a basic condition for uniform
convergence, it suffices to show that Sy is a uniform Cauchy sequence on E.

Since ), M, is a convergent series, its partial sums form a Cauchy sequence of real (or complex)
numbers. Thus, given € > 0, there exists a positive integer Ny such that 224: N+1 My < € whenever
M > N = Ny. Then for the same values

M M M
ISM(X) =Sy =| Y fu@|= Y 1@l Y, M,<e,
n=N+1 n=N+1 n=N+1

forall xe E.
An inspection of the above argument reveals that actually the series with absolute values: Y7, | f,,(x)|
converges uniformly on E. B

The disadvantage of the above criterion is the same as that of the Cauchy criterion: it allows us to
establish convergence in many cases but it does not help to identify the sum of the series.

Example 8. The geometric complex power series 39" | z"* converges absolutely and uniformly in every
closed disc{z : |z| < r} in the complex plane with 0 < r < 1. This is so in view of the Weierstrass test with
M, =r", since|z"| = |z|" < r" and the numerical series }.7° | " converges whenever0 <r <1.

. After these basic topological preparatory details, we are ready to
prove the sufficient condition for uniform convergence due to Dini (Ulisse Dini, Italian mathemati-
cian, 1845-1918). Note that it can be applied in one exercise in Problem Set 1. A version of the result
for closed bounded intervals on the line may look familiar from an earlier Analysis course. Here we
formulate a generalization for metric spaces.

Theorem 9. (Dini) Let K be a compact metric space and let f, € € (K) be a sequence of real-valued
functions such thatlim,_. f(x) = f(x) forall x € K, f € €(K), and suppose that also either:

(1) fn(x) = fus1(x) forallxe K and alln e N
or

@) fu(x) < fu+1(x) forallx € K and all n € N.
Then f, =k f.

PROOE. It suffices to prove the statement only in the first case since in the second case it will follow
immediately by considering the functions — f;, instead of f;,.

Next, note that, for any fixed n € N, condition (1) implies f;,(x) = f;,,(x) for all x € K and all m > n.
Taking the limit as m — co we infer that f;,(x) = f(x) for all x € K and arbitrary n € N.

Let g, = fn — f. Then, by our assumptions, g, € €(K), gn(x) =0forall xe K, g,(x) = 0as n — oo
forall x € K, and g, (x) = g,+1(x) for all x € K. We want to show that g, =k 0, which will immediately
imply that f,, =k f.

To this end, let € > 0 be given and consider the sets
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Ky,=1{xeK: gu(x)=¢e} =g, ([e,+00)).

Being the inverse image of a closed set under a continuous function, each K}, is closed. Since it is a
closed subset of the compact set K, it follows that K}, is actually compact.

Next, in view of g, (x) = g,+1(x) for every x € K, it follows that K+ < Kj,.

Let x € K be fixed. Since g, (x) — 0 as n — oo, there exists Ny € N such that g, (x) < € for all n = Ny,
hence x ¢ K;, for all n = Ny. In particular, x ¢}, Kj,. Since this is true for any x € K, it follows that
M52, K = ¢. By Lemma 2, some finite intersection must satisfy K;, nK;, n...Kj, = @.

However, since the sets K, form a descending chain: K; > K 2 K3 ..., we see that

Kj, nKj,N...Kj,, = Kmax{j1, jo ..., jm} »

hence Ky = @ for some N and, thus, also K;, = @ for all » = N. This means that for all x € K and all
n = N the inequality 0 < g, (x) < € holds, which proves the statement g, =2 0. &

It should be noted that compactness is essential in the assumptions of Dini’s theorem, as the
following example shows.

Example 9. Consider the non-compact subset I = (0, 1] of the real line and let

fn(x) =

, x€(0,1], neN.
nx+1

It is clear that, for all x € (0,1], f,(x) — 0 as n — oo, so all the f,, and the limit function are continuous
onl, and f,(x) = fu+1(x) forallx €I (since (n+1)x = nx).
However, the convergence of f,, to 0 is not uniform in I since % € I foreveryneN and
1

1 1
sup| f,(x) —0| =su = =—+40, n—oo.
AP ey N+ 1 n-t+1 2

. Later in the course we may
see an abstract proof that there exist many functions continuous on, say, an interval of the real line
which do not have a derivative at any point. As an application of uniform convergence, we give an
explicit construction of such a function due to Weierstrass. First let us recall the following definition.

Definition. Let I c R be an interval and f : I — R. The function f is said to be a Lipschitz function
with constant C if
If(s)—f(DI<Cls—t], Vs reR.

The interval I in the definition can be open or closed, finite or infinite; this is not relevant. Clearly,
every Lipschitz function is continuous on I. Such functions are named after Rudolph O. Lipschitz
(German mathematician, 1832-1903). To mention one important class of examples, by the Lagrange
mean value theorem from Calculus:

fE&O-f@O=f&G-1,

for some ¢ between s and ¢, any function with a bounded derivative in the interval [s, f] is a Lipschitz
function there. (The functions sine and cosine are, thus, Lipschitz functions in all of R with constant
C=1)
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An intuitive explanation of the construction presented below is that the multiplication in the ar-
gument, taking ¢ (4" x) instead of ¢(x) for larger and larger values of m, creates many oscillations in
an interval of arbitrarily small length, which is the reason why the function constructed bellow does
not have a derivative anywhere.

Theorem 10. There exists a real-valued continuous function on the entire real line which is nowhere
differentiable.

PROOE. Let ¢(x) =|x|,for—1 < x < 1. Since ¢ € €[—1,1] and ¢(-1) = ¢(1), we may extend the function
periodically to the entire real axis by the formula ¢(x +2) = ¢(x), obtaining a continuous function on
R, denoted again by ¢ for the sake of simplicity. Note that the graph of ¢ is the union of countably
many segments, each one with the slope 1 or —1 (and the slopes alternate after each integer point).
Actually, the function ¢ has a property that is stronger than continuity. It is a Lipschitz function

with constant one:
lp(s) — ()| <|s—t|], Vs teR.

Geometrically, this is clear since the slope of the line passing through any two points (s, ¢(s)) and
(t,¢(1)) of the graph of ¢ is atleast —1 and at most 1, hence

1< P80 _
s—t

1.

The Lipschitz condition can also be verified algebraically but the analysis is longer. If both s, £ € [-1,1]
then |p(s) — ()| = ||s| —|£]| < |s— ¢|. Otherwise write s = x+2m, t = y+2n, with x, y € [-1,1] and m,
n € Z and check that

lp(s) —pD)=lpX)—p<|lx-yl<|x—y+2(m—-n)|=|s—t].

This requires a little bit more of work, taking into account the values of m and n.
Now define 0 (3\7
fo=Y (—) P@4"x).
n=0 4

Clearly, 0 < ¢(1) < 1 for all £ € R, hence the series defining f converges uniformly in R, by Theorem 8
and comparison with the geometric series }_>° ,(3/4)". Being a composition of continuous functions,
(4" x) is continuous on R and the function f, being a uniform limit of functions continuous on R, is
also a continuous function on R.

We now ought to show that f does not have a finite derivative at any point. To this end, it will be
shown that the differential quotient can be arbitrarily large near any point in R. More specifically, for
afixedxeRandafixed meN,letd,, = i% -47™_ The sign + can be chosen, and in a unique fashion,
so that no integer lies strictly between 4™ x and 4" (x + 8 ,,). This is possible since

1
4" (x+86,,) -4 x| =46, = 5

Namely, assuming first that 4™ x ¢ Z, let k be the closest integer to 4" x so that the distance between
these two numbers is < % If k < 4™ x, choose the plus sign, so that k <4 x <4™(x+6,,) < k+1.If, on
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the contrary, 4™ x < k, choose the minus sign, so that k —1 <4™(x +6,,) <4™x < k. In the case when
4™ x € Z, choose the plus sign.

In this way, both points (4" x, (4 x)) and 4" (x+ 6 ), (4™ (x+ ) will belong to the segment
of the graph of ¢ with the same slope (either 1 or —1), which will be fundamental at one point in the
further analysis.

For an integer n = 0, define

e (x+6m) —p@"x)
n=
Om
Let us analyze the values of y,, depending on the value of n.

Whenever n > m, say n = m+ k, k € N, we have 4”6, = 1%4”_’" = +2.4%"1 50 47§, is an even
integer. Since the function ¢ is periodic with period 2, it follows that ¢ (4" (x + §,,)) = @(4"x) and
therefore v, = 0.

When 0 < n < m, the Lipschitz property of ¢ implies

PA"(x+6m) —p@A"x) | _ [4"(x+m) —4"X)| _
Sm - 16 ml -

|Yn| = 4"
Note that when, in particular, n = m, due to our choice of the sign in the definition of the number 6,
(the slope of the graph is the same, 1 or —1, at both points 4 x and 4™ (x + 0 ,)), we have equality in
the above inequality, so that |y,,| = 4.

Taking this analysis into account, by triangle inequality we obtain

fa+6m)-fx)| | & (3)” n (3 " (3 " el (3)” m o, 37+
= = Yn|= | Yn|=|7| Ym~— —| Yn|=3" - 3" =
It follows that 5 5
limsup —f(x+ i C) > limsup SO+ Om) = 1) =
6—0 6 m—00 Om

Hence, f'(x) does not exist. Since x was arbitrary, this happens for all x € R. B

We will likely explain later on (after reviewing the Baire category theorem) that such examples
are actually not an exception but rather a rule among continuous functions! This is guaranteed by a
theorem due to S. Banach, which will give a more precise meaning to the statement just made.

Uniform approximation by polynomials. The Stone-Weierstrass theorem

The great German mathematician Karl T. Weierstrass (1815-1897) is generally considered as the
father of rigorous Mathematical Analysis, having created the € — 6 language and other formal defini-
tions around 1860. In this chapter we will prove the basic approximation theorem discovered by him
as late as 1885. This is one of the basic results in a vast area of Mathematics nowadays known as Ap-
proximation Theory. We note in passing that, just a few years later, his student Carl Runge (1856-1927)
proved an important theorem on uniform approximation of holomorphic functions by polynomials
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on compact sets, relevant in Complex Analysis. However, this result will not be discussed here as it
belongs to a completely different topic.

A very important generalization of the Weierstrass theorem is due to the US mathematician Mar-
shall H. Stone (1903-1989), who was able to identify a very small number of properties that a col-
lection of continuous functions should posses in order to guarantee its density in the algebra of all
continuous functions on a compact set. We first want to become familiar with these properties and
then formulate the main theorems.

. In this section, [a, b] will denote a com-
pact (closed and bounded) interval in R. In other words, it will be assumed that —co < a < b < co.
(General compact sets will be reviewed briefly later on.) The space of all real-valued and continuous
functions in [a, b] will be denoted by €[ a, b]. It is clearly a vector space over the reals R and, moreover,
an algebra (meaning that the product of any two funcions in the space remains in it). Also, a natural
norm can be defined on €'[a, b] by setting

[ flloo= sup [f(x)]= max |f(x)].
x€la,b]

x€la,b)
We know from Calculus that the maximum is attained since |f| € €[a, b] as well. The convergence
in this norm is the well-known uniform convergence; in other words, || f;, — flloco — 0 as n — oo if and
only if f, =4, f (The readers are invited to check this simple equivalence.) Formally, this means
that
Ve>0dNeNVn=NVxelab]|f(x)-fx)|<e.

(Just like in other similar definitions, the < sign in the last inequality above can be replaced by <
without harm.)

We say that a function f can be uniformly approximated by polynomials in [a, b] if there exists a
sequence of polynomials (P,)$, such that P, =, ) f. Equivalently, this can be formulated by saying
that for each € > 0 there exists a polynomial P such that |P - f|| < e.

Theorem 11. (Weierstrass). Every real-valued function f € €|a, b] can be uniformly approximated in
[a, b] by polynomials with real coefficients.

The proof will be deferred for the time being. We first want to make a few comments about some
relevant applications of this fundamental result.

Moments of a function. By definition, the moments of a function f € €[a, b] are the numbers
b
Mn(f):f x"f(x)dx, nef0,1,2,...}.

a

They can be defined in a similar fashion for integrable functions (in some sense) on other appropriate
sets on the real line.
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We encounter them, for example, in Probability Theory: if X is continuous random variable with
density function f, we define its expectation and variance, respectively, as

2
E[X] :fxf(x)dx, V(X):E[XZ]—E[X]Z:fxzf(x)dx—(f xf(x)dx) .
R R R

That is,
E[X]1=M(f), V(X)=M(f)-M(f)>.

In different areas of Mathematical Analysis and Probability we can find questions called moment
problems. In their different formulations, such problems consist in finding out how much informa-
tion we need about the moments of a given function (or a measure) in order to be able to determine
completely the function (or measure) in question. The following simple statement was a pioneering
result in this direction.

Corollary 1. (Hausdorff). If f € €la, b] is a real-valued function whose moments are all zero:

b
f x"f(x)dx=0, Vne{0,1,2,...},
a

then f =0 in [a,b]. Thus, if two continuous functions have the same moments, they are identically
equalin[a,b].

PROOF. Taking finite linear combinations of integrals of above type, we get that [ f P(x)f(x)dx =0 for
every polynomial P with real coefficients. By Weierstrass’ Theorem 11, f is a uniform limit of a certain
sequence (P,), of polynomials in [a, b]. Since a continuous function is bounded on [a, b], this readily
implies that
P.f =a,b] f2, n— oo.

(Just estimate the difference P, f — f? uniformly in [a, b] to check this fact.) Due to uniform conver-
gence, by a well-known theorem from Calculus we are allowed to exchange the limit and the integral,
thus obtaining

b b
f f(x)zdx=’1li_{£lof Pu(x)f(x)dx=0.

Since f2 € €la,b] and f(x)2 > for all x € [a, b], we conclude that f(x)2 =0in[a, b]. Ifyoudid not see
a formal proof of this fact in your Analysis courses, it may be a good exercise to prove the statement.)
Note that this is one place where we use in an essential way the assumptions that f is continuous and
only takes real values. It follows immediately that f(x) =0in [a, b]. B

Separability of €[a, b]. The theorem of Weierstrass has another important consequence. Recall that
a metric spaces is called separable if it contains a dense and countable set. For example, R (with its
usual distance) is separable since it contains @ as a dense and countable subset. At this point, in ad-
dition to some metric/topological concepts, the reader is also expected to review the basic concepts
and results from Set Theory needed here.
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Corollary 2.. The space €| a, b], equipped with the usual norm, is separable.

PrOOF. Following a standard argument, we will show that the polynomials with rational coefficients
form a dense countable set in €[a, b].

First, note that the polynomials with coefficients in Q form a countable set. This can be shown
as follows. First, for any fixed n € {0, 1,2,.. .}, the set of all polynomials Q(x) = by + b1 x+...+ bpx" of
degree n, with by, by, ..., by—1 € Q, b, € Q\ {0}, has the same number of elements as Q" x (Q \ {0}).
The latter set is countable because any finite Cartesian product of countable sets is countable. Then,
finally, the set of all polynomials with coefficients in @ is countable by being a countable union of
countable sets (by splitting the set of all polynomials into constant polynomials, linear polynomials,
quadratic polynomials, and so on).

Next, we show that every polynomial with real coefficients can be uniformly approximated by
polynomials with rational coefficients. Let € >0 and P(x) = ap + a; x + ...+ a,x" be an arbitrary poly-
nomial with ay, a,..., a, € R. Then we can find a polynomial Q(x) = by + by x +...+ b, x" with by, by,
..., by, € @ and such that

E
lag — brllx|F < ——, Vxelab], VYke{0l,..., n,
n+1

by the density of the rationals in R and also since | x| k can be bounded uniformlyin [a, b] (for example,
by the constant max({| al¥,|b|}¥) for each k. It follows immediately that

n
P - QW< Y lac—billxlf < m+)——=¢, Vxelabl.
=0 n+1
Finally, it is easy to see that every function f € €[a, b] can be uniformly approximated by poly-
nomials with rational coefficients. Given € > 0, by Theorem 11 we can find a polynomial P with real
coefficients with || P — f|lo < €/2. Next, we know that we can also find a polynomial Q with rational
coefficients such that [|Q — P|« < £/2. From the triangle inequality for the norm we obtain

Q= flloo=1Q—=Plloo+ 1P = flloo <€,
which completes the proof. B

. We only outline an idea of a very direct proof
due to the famous French mathematician Henry L. Lebesgue (1875-1941), the father of the Lebesgue
integral.

We recall a theorem from Calculus due to Cantor: if —oco < a < b < oo and f € €[a,b] then [
is actually uniformly continuous on [a, b]. This means that for every £ > 0 there exists 6 > 0 such
that whenever x, y € [a, b] and |x — y| < §, we have |f(x) — f(y)| < €. In other words, the value of &
depends only on € but not on the values of x and y chosen in [a, b]. This is clearly a consequence of
compactness and can be generalized to other compact metric spaces (see Problem Set # 2).

His proofs begins by observing that any f € €'[a, b] is uniformly continuous in [a, b] by a theorem
of Cantor from Calculus, which allows us to approximate f uniformly in [a, b] by piecewise linear
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functions. These are functions whose graph is a polygonal path connecting finitely many points on
the graph of f. Essentially, all such functions can be decomposed into pieces that look more or less
like a letter “V” or an inverted letter “V”. The pieces of this kind are obtained by a linear function from
the function u(x) = |x|. An important point is to note that

{0, ifx<c
lx—c|l+(x—¢c)= ]
2(x—c¢), ifx=c.
The problem of approximating f uniformly by polynomials then reduces to approximating uniformly
by polynomials certain linear combinations of functions of the above type. The bottom line is that
one needs to approximate uniformly by polynomials the the function u(x) = |x| in the interval [-1, 1].
(Why is the interval irrelevant will be explained in the next section on Landau’s proof.)

Thus, the entire proof boils down to finding a sequence of polynomials that converges uniformly
to uin [—1,1] and this is done by extending and making more precise a well-known generalized bino-
mial formula from Calculus:

n=0

xXl=Va2=(1-a-2)"2=Y (1;2)(—1)”(1—%)", ~1sxs1.

It can be proved that the partial sums of the above series (obviously, polynomials in x) converge to | x|
uniformly in [-1, 1]. The result from Calculus is usually formulated only for the open interval (-1, 1)
but holds also on the closed interval and, moreover, it can be proved that the convergence is uniform.

Further details can be consulted in Duren’s book mentioned in the references (Sections 6.2 and
3.5; alternatively, to prove uniform convergence, one can use the Monotone Convergence Theorem
from the Theory of Measure and Integration, to be reviewed later). The reader is advised to draw
pictures and check carefully every detail.

. In this section we describe in detail the proof of the theo-
rem of Weierstrass given by Landau (Edmund G. Landau, 1877-1938, a well-known German number
theorist and complex analyst). We begin by reviewing various relevant details and simplifications.

Reduction to a special case: the exact interval does not matter. We first observe that the theorem is
equivalent to some of its special cases.

First reduction. Proving Theorem 11 for the space €[a, b] (with arbitrary —oco < a < b < 00) is
equivalent to proving it for €(0, 1]; hence, it suffices to consider only the latter case. The reason is
that, starting from an arbitrary interval [a, b], we can establish a bijective linear map

L:[0,1] = [a,b], L(t)=a+b-a)t.

Obviously, L is continuous and Q(¢) is a polynomial of ¢ with real coefficients if and only if Q(L(?)) =
Q(a+(b-a)t)is one, thanks to the Newton binomial formula. Hence, f € €[a, b] can be approximated
by polynomials uniformly in [a, b] if and only if f o L can be uniformly approximated by polynomials
in [0,1].

Second reduction. Instead of proving Theorem 11 for all functions in €[0, 1], it suffices to prove it
only for those functions in €0, 1] that satisfy the additional condition f(0) = f(1) = 0. Indeed, given
f €€10,1], define the function g by
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g(x) = f(x) = f(0) —x(f(1) - f(0)).

Clearly, g(0) =0 = g(1) and g € €0, 1] since g — f es a linear function. Moreover, if a sequence of
polynomials (P,) converges to g, then the sequence of polynomials

Qn(x) = Pp(x) + f(0) + x(f (1) - f(0)),

converges uniformly to f in [0, 1].

Approximate identity (summability kernel). By the previous discussion, if Weierstrass’ theorem is
valid for one compact interval, it is also valid for any other such interval (passing from [0, 1] to that
interval). As we shall see later, it is convenient to work in symmetric intervals [—a, a], where 0 < a < oco.

Landau’s proof is based only on a few properties that are usually required from what is called an
approximate identity or a summability kernel. The argument can be adapted to other proofs in the
context of approximation (uniforme, pointwise, or in some mean value). We will likely see examples
of this in Fourier Analysis.

Definition. A sequence of functions Qy, : [—a, a] — Ris called an approximate identity (or summabil-
ity kernel) if it satisfies the following conditions:

(1) Qu(t)=0,forall neNand every t € [—a,al;

2) [% Qut)dt=1,forall neN;

(3) V6€(0,a),Q,=0in{x: 0 <|x| < a} =[—a,-6]U]6,al.
Sometimes it is convenient to require an additional condition:

(4) Qy is an even function in [—a, a].

Later on we will explain why is the last condition useful and we will see that there exist different
relevant families of functions that have the properties of an approximate identity, among them the
Fejér and Poisson kernels.

Proposition 15. Let f € €1[0,al, f(0) = f(a) =0, and extend f continuously to the rest of the real line
by defining f(x) = 0 in (—oo0,0) U (a,00). Let (Qy), be an approximate identity in [—a, al. If we define
the functions P, according to the formula

Pp(x)=| fx+1Qu)dt, 1)

then P, = f in [0, al.

PROOE. Since f € €(0, a], by Cantor’s theorem, f is uniformly continuous in [0, a], meaning that
Ve>036>0Vx,yel0,a] [x—yl<d=>I|f(x)—-f(y)I< g
Since f(x) =0in (—o0,0) U (a,00), we can actually conclude that

Ve>036>0Vx,yeR |x—y|<6:|f(x)—f(y)|<§.
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(For example, if [x— y| <6 and x € [0, a] but y > a, then |[x—a| < §, hence | f(x)— f()|=1f(x)— f(a)| <
%. The discussion is similar if |[x — y| < §, x <0 and y € [0, a], etc.)

Let € > 0. By the previous discussion, with the value of 6 chosen as above (depending on ¢), if
te (-6,0), x € R, we obtain that

G+ 0 — x| = £] <6 = | flx+ t)—f(x)|<§.

For the same value of 9, recalling that Q,, = 0 by property (1) of approximate identities, for all x € [0, a]
we have

[Py (x) = f(x)]

fx+0Qn(dt—| f(X)Qn()dt

[ e
[-a,-6] (=0,0) [6,a]

the integrand being repeated in each integral in the last line. By what was said earlier, we estimate the
second of the three integrals as follows:

sf x40 = FO1Qu(D di

f If(x+ 8- f0IQu(dt < Ef
(-6,6) 3

e (4 €
5)Qn(t)dt5§ _aQn(t)dt—g,

using property (2) of approximate identities.
Let M = max{| f(x)| : x € [0, al}; note that it exists by continuity of f and compactness of [0, a]).
Then
[f(x+1D—-f(x)|<2M, paratodox,?teR.

Property (3) of approximate identities allows us to intechange the limit and the integral to obtain

-0 a
limf Q.(nHdt=0= limf Qn(ndrt.
—a n—ooJs

n—oo

Thus, given € > 0, there exists N € N such that for all n = N we have

-5 € a e
y Qn(t)dt<w; ﬁ Qn(t)dt<w
Hence,
f_élf(x+ - FEOIQu(dt<2M-—— =< falf(x+ - F@I0uDdt <&
—a " 6M 3’ 5 L 3

Finally, putting together the three estimates with %, we obtain that | P, (x) — f(x)|<¢, foralln=N. R

The above Proposition 15 essentially tells us that convolutions of a function with an approximate
identity converge uniformly to the given function. However, the reader familiar with convolutions
may recognize that the definition of P, given above does not exactly coincide with that of a convolu-
tion. So why do we talk about convolutions? Here is the reason.

Observation. If we assume the additional condition (4): the function Q,, is even, then P, is exactly
the convolution of f with Q, (in the sense of the usual definition seen in mathematical texts). This
can be seen as follows.
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Note that f(x+ 1) #0=>0<x+1t < a < —x <t < a— x, meaning that in the definition of P, the
interval of integration gets reduced to [-x, a — x] since the integrand is zero in the rest. After the
simple change of variable x + t = s, using the fact that Q,(s — x) = Q,(x — s), we conclude that

a—

X a a
Pp(x) = fx+0Qu)dt = f f(9)Qn(s—x)ds= f Qu(x—=8)f(s)ds=(Qn* f)(x),
-X 0 0

which corresponds exactly to the usual definition of a convolution of two functions.

It is important to stress that later on, when studying some Real Analysis techniques, we will nor-
mally have the symmetry of the interval at our disposal (integrating either over R or [-, 7], hence we
will always obtain results in which Q, * f — f in some sense (usually weaker than uniform conver-
gence).

Observation. If each Q,(x) is a polynomial with real coefficients, then so is P, (x).

This is also easy to check. If Q,(x) is a polynomial, then Q,,(x — s) is also such for every value of s.
Computing the integrals that define P,, (integrating respect to the variable ¢), we see that P,(x) is also
a polynomial with real coefficients.

Lemma 3. (Bernoulli’s inequality). If 0< a <1, then (1 - a)" =1 — na, for every positive integer n.

PROOE. Various simple proofs are possible (see if you can give your own!), one of them by induction
on n, for example.
Another typical way of proving the inequality is by using Calculus as follows. Let

ua=1-a"-1-na), 0<a<l.

It is immediate that
@=n-nl-a)"'>0,Yacl0,1],

so it follows that the function u is non-decreasing in [0, 1]. Hence u(a) = u(0) =0 foralla€ [0,1]. B

Now we are finally ready to give a proof of the theorem of Weiestrass, using the tools developed
above and following Landau’s idea.

PROOE. By the two reductions seen earlier, it suffices to consider only the functions f € €[0,1] such
that f(0) = f(1) = 0. Any such function can be extended to a continuous function on all of R by
defining its values on the set (—00,0) U (1,00) to be 0 (drawing a picture will be helpful here). This
means that we can apply the case a = 1 of Proposition 15 already proved. To this end, we need only
show the existence of approximate identity consisting of even polynomials. Consider the following
even polynomials:

Qn(x) = cy(1-x3",
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where the constants ¢, > 0 are chosen (after integration) in such a way that f_ll Qn(x)dx = 1. Obvi-
ously, we have Q,(x) = 0in [-1,1]. In order to see that the sequence (Qj), is an approximate identity,
we need only check its uniform convergence to zero on the set {x : 6 <|x| < 1}. Starting from

! 2\n ! 2\n n 2\n Uvn 4 1
= 1-x9 dx:Zf 1-x9 dxzzf (1-x9) dszf (1—nx)dx——>
f-l 0 0 0 3vn_ yn’

(using Lemma 3 in the second inequality), it follows that ¢, < v/n. Hence, for § < |x| < 1 we obtain
0= Q) =vVnl-x)"=vVn(1-6%".

The upper bound in the last inequality does not depend on x as long as § < |x| < 1. It is well known
from Calculus that, for any fixed r € (0,1], the sequence /nr" tends to zero as n — oo. Taking r =
1 — 62, we obtain that Q,(x) = 0on {x:6 <|x| <1}.

Now we can apply Proposition 15 to conclude that f can be approximated uniformly by the func-
tions P, which, in this case, are polynomials since the functions Q,, are polynomials. &

. Our exposition of the theorem of Stone-Weierstrass in these notes follows that
of Rudin’s basic book (with some additional details explained), which is at a more abstract level than
in Duren’s basic book but at a less abstract level than in Folland’s (more advanced) book.

Definition. Let K € {R,C} and let E # @ be a set. A set «f of functions f : E — K is an algebra (more
precisely, a [K-algebra) if it satisfies the following conditions:

(1) & is avector space over the scalar field K (that is, for all f, g€ « and ce K, we have f + g€ of
and cf € «);

(2) & is closed under multiplication: if f, g € o, then fge «/.

In the case when K = R, we say that «f is a real algebra. In the case K = C, we talk about a complex
algebra.

Example 10. Understanding R(x] as the collection of all polynomials of a real variable x € R or x €
[a, b] with real coefficients and C[x] as polynomials with complex coefficients of a real variable x € R or
x € [a, b], where —oo < a < b < +00, it is easy to verify directly that

* The following sets are real algebras: R[x], R(x]|4,p, as well as € (E,R) (continuous and real-
valued functions on a metric space E).

* ThesetsClx], Clx]l4,p), as well as € (E,C) (continuous and complex-valued functions on a metric
space) are complex algebras. So is 2 (z,z), the set of all polynomials of z and z with complex
coefficients:

M=

>

j=0k

cj, w2/ zZk, cki1€C.
0
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Observation. If o/ is a K-algebra such that f € o/ and the constant function 1 € &« and P e K[x] is a
polynomial, then the composed function Po f € «/. In other words, if ¢y, ¢y, ..., ¢, €K, then

cot+af+...chffedd.

Definition. Let o/ be any set of functions f : E — K (not necessarily an algebra), where E is a metric
space. The uniform closure of & is the closure of «/ in the topology of uniform convergence in E.

We will say that «f is uniformly closed if

fned, fn=Bpf>fed.

We will use the notation Cl(<#) to denote the closure instead of < in order to avoid a confusion with
complex conjugation (the relevance of this is to be seen later).

The terminology just introduced here allows us to formulate the Weierstrass in the following lan-
guage:

%€ (la, b],R) is the uniform closure of the algebra R[x]|(4,p)-

Definition. Let o be a family of functions f : E — K (not necessarily an algebra), where E is a metric
space. We say that «f separates points on E if

Vx,yeE, x#y=3f € o/ suchthat f(x) # f(y).

We say that «f vanishes at no point of E if
VxeE,3f e s.t. f(x)#0.

Example 11. Here are some relevant examples.

* of =R[x] and o = R[x]|(4,p are algebras that separate points (on R and on [a, b, respectively)
since the polynomial P(x) = x belongs to both of them. They are algebras that vanish at no point
since they both contain non-zero constant functions.

* The set of even polynomials, obviously, does not separate points on R.
* €la,Db] is a uniformly closed algebra (since the uniform limit of continuous functions in [a, b] is
another continuous function) that separates points on |a, b] and vanishes at no point of [a, b].

. We are now ready to formulate the theorem of Stone-Weierstrass in
the real case. The result was proved by M.H. Stone in 1937.

Theorem 12. (Stone-Weierstrass, real case). Let K be a compact metric space and <f < € (K,R) a real
algebra that separates points on K and vanishes at no point of K. Then the uniform closure of & is
Cl(«f) = €(K,R).

The theorem of Weierstrass follows as a corollary of Theorem 12 since the polynomials with real
coefficients (restricted to the interval [a, b]) belong to €[a, b] and form a real algebra that separates
points on [a, b] and vanishes at no point of the interval.
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Lemma4. Let0 < M < oo. Then there exists a sequence of polynomials (P,), with real coefficients and
P,(0) =0 forall n e N and such that P, (x) = |x| in [-M, M] as n — oo.

PROOFE. Thanks to Weierstrass’ theorem, we know that there exist polynomials R, with real coeffi-

cients and such that R, (x) =2 |x| in [-M, M] as n — oo. (This fact can also be proved directly, without

resorting to the theorem of Weierstrass, although that requires some work; see Problem Set 1.) Note

that this implies that R, (0) — 0. Now it suffices to consider the polynomials P,, defined by
P,(x)=R,(x)— R,(0).

Obviously, they converge to | x| uniformly in [- M, M] and take on value 0 at the origin. ll

Lemma 5. If &/ is a (real or complex) algebra of bounded functions on a set E # @, then its uniform
closure Cl() is a (real or complex) algebra which is uniformly closed.

PROOF. Being a closure of a set in the supremum norm, we know that Cl(«/) is uniformly closed. Thus,
it is only left to check that it is an algebra.
Let f, g € Cl(«/) and c € K (the scalar field, R or C). Then, by our assumptions, there exist f;,

gn € o such that
h=ef, &=Epg n—oo.

Then one checks trivially that

fnt&n=ef+8, cfn=pcf, n—oo.

Hence, f + g, cf € Cl(«).
To check that f g € Cl(«/) requieres a little more care. In the first place, it is an easy exercise to see
that g, being a uniform limit on E of bounded functions g, is also bounded on E:

AN>0VxeE |g(x)|<N.

(Hint: remember that every convergent sequence is a Cauchy sequence and every such sequence is
bounded in the norm - see notes on the review of metric properties.)

Using this fact, we now observe that convergence in the supremum norm on E implies uniform
boundedness of the sequence (f;), in E:

dAM>0VneNVxeE|f,(x)|<M.
It follows that

due to our hypotheses. Hence, f,,g, = f g, and we conclude that fg € Cl(<«/). B
The following interpolation lemma will be useful too.

Lemma 6. If <f is an algebra (over the scalar field K, real o complex) of functions defined on a set E # @
such that </ separates points of E and vanishes at point of E, then

Vx,yeE, x#y= Va,fekK,Ifeds.t. f(x)=a, f(y)=p.
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PROOF. By our assumptions, there exist g, h, k € «/ such that

gx)#8g(), hx)#0, k(y)#0.
Let the functions © and v be defined on E in the following way:

u=gk—-gx)k, v=gh—-gyh.
Since « is an algebra, it is clear that u, v € «/. Moreover,

ux)=0=v(y), uly)#0, vx) #£0.
Hence, it makes sense to define the function
av u
It is now clear that f € o/, f(x) =a,and f(y)=6. 1
With the three lemmas at hand, we can proceed to prove Theorem 12 of Stone-Weierstrass.

PROOE. The proof consists of four key steps.
Step (A). We will first check that if f € Cl(«7), then also | f| € Cl(«7).
Let M = sup x| f(x)| = max,ex | f(x)| (since K is compact and f is continuous in K) and € > 0.

Thanks to Lema 4, we can find a polynomial Q(y) = Zzl Ck yk, with ¢y, ¢y, ..., ¢; € R and such that
u k
Y ay -lyll<e, Vyel-M,M].
k=1

By Lema 5, Cl(«/) is a real algebra and, by our assumptions, f € Cl(«/), hence Qo f = ZZZI ckfk €
Cl(«/), by a modification of an earlier Observation. (Note that the absence of the constant term of Q
is fundamental since we do not have any information on whether constant functions belong to </ or
its closure.)

Keeping in mind that, by our choice of M, for all x € K we have f(x) € [-M, M], it follows that

n

Y e f)* - 1f )l

k=1

|QUf(x) = If ()| = <e, Vye[-M,M].

Taking the supremum over x € E, we obtain that || Qo f —| ||l < €. Since this can be done for arbitrary
g, it follows that | f| can be uniformly approximated by functions in Cl(«/) and, thus,

| f1€ Cl(Cl(«£)) = Cl(«).
Step (B). We will now show thatif fi, f5, ..., f, € Cl(«), then
min{flyﬁr'-')fn}y maX{fl)fZ;---yfn}ECI('Q{)'

Since max{fi, f2,..., fn, fn+1} = maximax{fi, f>,..., fu}, fn+1} (with an analogous formula for the
minimum), if we can prove the statement for two functions, the general case will follow by induction.
The case of two functions is easy since

f+g 1f-gl

max{f,g}:T+ >
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If f, g€ Cl(«/), Lema5 tells us that f+g, f —g € Cl(«/), hence by Step (A) it follows that | f — g| € Cl(«/).
Therefore, max{f, g} € Cl(«).
The reasoning is completely analogous for the minimum by virtue of the formula

. _f+g If-gl
min{f, g} = 5 B

Step (C). If f € €(K,R), x € K and € > 0, then there exists g, € Cl(«f) s.t. g«(x) = f(x) and Vt € K,
8x(1)> f(1) —e.

To check this, we can argue as follows. By Lema 5, since < is a real algebra, Cl(«/) is also such.
Knowing that &/ separates points on K and «/ < Cl(«/), we know that Cl(«/) also separates points on
K. Since «f vanishes at no point of K, for the same reason Cl(</) also vanishes at no point of K.

We have, thus, verified that the algebra Cl(«/) fulfills all conditions of Lema 6. Hence, for y € K
arbitrary, choosing a = f(x), f = f(y), we obtain

dhy e Cl(«) s.t. hy(x)=fx), hy(y)=f().

Since hy € Cl(«f) € €(K,R), due to continuity of /2, and of f at the point y and also to the fact that
hy(y) = f(y), we can find an open subset Uy, of K such that y € Uj, and

€ € € €
VieUy  -S<hyO-hW=hO-fW<5, -5<fO-fO<3.
In particular, for every r € U, we have h,, (1) > f(t) — €.

This can be done for all y € K. Obviously, K = Uyeg{yt € UyexUy and, since K is compact, there
exist points y1, y2, ..., yn € K such that K cuy_, Uy,.

By Step (B), we know that g, = max{hy,, hy,,..., hy,} € Cl(«/). Obviously,

gx(x) = [max hy, (x) = [max fx)=fx).

We also know that
g2 hy (> f()—¢e, Vke{l,2...,n}, VteUy,.

Since the sets Uy, cover K, we have that V7 € K, gx(t) > f () —&.
Step (D). f € €(K,R), e>0=3h e Cl(«) s.t. |h(x)— f(x)|<¢g, VxeK.
If we prove this, it will follow that f € CI(Cl(«)) = Cl(«/) and the proof will be complete.
Given x € K, consider the functions g, constructed in the previous step. Since f, g, € €(K,R) and
g+(x) = f(x), it follows (like before) that for each x € K there exists an open set V, such that x € V, and
VieVy, ge(t)<f(t)+e.

Since K < Uxek Vi and K is compact, there exist x1, ... X, S.t. K C LJk’”:1 Vip-
Let h = min{gy,, &x,,---»&x,,}- By Step (B), we know that & € Cl(«/).

Since
VieK,Vke(l,2...,m}, f(t)—e<gy(D),

it follows that V¢ € K, f(t) —e < h(f). Hence
Vte K, —e<h(t)-f(1<e,

and we are done. B
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Example 12. Consider of = {f € €la,b] : f(b) = 0}. This is a uniformly closed subalgebra of € |a, b]
that separates points (since it contains the linear function f(x) = x— b). Nonetheless, all the functions
in &« vanish at the point b, so one condition in the theorem is not satisfied. We can actually see that «f
is not dense in the space since it is closed and does not coincide with the entire space.

It turns out that the statement of the Stone-Weierstrass theorem as given by Theorem 12 is false
for complex algebras. Thus, we should add at least another assumption to those considered in the
real case in order to obtain a correct result. This can actually be done easily. The following example
shows the path we should follow.

Example 13. Let our compact set K be the unit circle: T={z€C: |z| =1} = (et : te (0,27} (in other
areas of Mathematics often denoted by S') and consider the following collection of functions

. N .
o ={fe'")=) cpe'™ :1€0,27], cp € C}.
n=0

It is easy to see that &/ is a complex algebra that separates points on T since it contains the identity
function (restricted to T): f(e'!) = e'’. Also, it vanishes at no point of T since it contains the constant
functions.

However, there exist continuous functions on T that do not belong to the uniform closure of <. In
order to check this, the following observation is crucial: every function g € <f satisfies the identity

2n . .
gle'e'ldt=0.

Then, if f € Cl«, let f,, € o be such that f,, =71 f. Thanks to uniform convergence, by Theorem 7 we
can exchange the limit and the integral so as to obtain that

27 L 2n L
f f(e”)e”dt:lym falehe''dr=0.
0 —Jo

It is now immediate that the function f(e'’) = e™'* does not have this property since the integral above
yields the value 2rt. This means that this function, although continuous on T, cannot belong to Cl().

What was the problem with the algebra o from the above example? One easily observes that
f(e') = e7'" is the complex conjugate of the identity function on T, which does belong to <. This
inspires the following approach.

For a complex function f = u + iv, where u and v take on real values, denote by f its complex
conjugate function f =u—iv.

Definition. Let </ an algebra of functions f : E — C, where E is a metric space. The algebra +/ is said
to be self-adjoint (or closed under conjugation) if for every function f € o/, the function f € «f.

Example 14. The complex algebras € [x], €x]|(4,p and 2?(z,z) considered earlier are self-adjoint.

Now we can formulate correctly the complex version of Theorem 12, adding only one hypothesis.
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Theorem 13. (Stone-Weierstrass, complex case). Let K a compact metric space and let «f < € (K,R) a
self-adjoint algebra that separates points on K and vanishes at no point of K. Then Cl(«/) = € (K, C).

PROOF. Let /g = {f € &/ : f: K — R}. In the first place, it is important to note that </ # @. In fact, if
fed,with f=u+iv, u, v: K— R, then by our assumptions, f = u—iv € /. Hence the functions

f+f f-r
Ref = 5 Imf = 57
since both are in o/ and take on only real values.

It is also easy to see that <z is a real algebra. For example, if f, g € o, then f, g € &, hence
fg € «/; on the other hand, fg: K — R and therefore fg € oz. (The remaining conditions are easily
checked in the same way.)

a/p separates points on K: if x, y € K and x # y, then according to Lema 5 (valid also for complex
algebras) there exists an interpolating function f € o/ such that f(x) =1, f(y) = 0. If we write f =
u+ iv, where u, v are real-valued functions, comparing the real and imaginary parts it follows that
u(x) =1, u(y) =0. Obviously, u € of.

/g vanishes at no point of K: by assumption, if x € K, we can find a function g € o with g(x) #0.
Then there exists a number A € C such that Ag(x) > 0 (it suffices to choose the argument of A to be the
opposite of the argument of g(x)). Now consider the function f = Ag andlet f = u+iv. Then u € o/
and, recalling that f(x) > 0, it follows that u(x) > 0.

Finally, by Theorem 12, €(K,R) = Cl(«g) c Cl(«). If f € €(K,C), writing again f = u+iv, it
follows that u, v € €(K,R) c Cl(«/). Since Cl(«/) is a complex algebra (by Lema 5), it follows that
f=u+iveCll«).

Corollary 3. Every function in the complex space € (|a, b],C), equipped with the usual norm, can be
uniformly approximated by polynomials with complex coefficients.

PROOE. The polynomials with complex coefficients (considered as functions of the real variable x €
[a, b]) obviously form a complex algebra of continuous functions that separates points on [a, b] and
vanishes at no point of the interval. Moreover, this algebra is self-adjoint since if p(x) = a,x"+... a1 x+
ay, with ay € C, then

px) =apx"+... aix+a

since the values of x € [a, b] are real. Hence, we may apply Theorem 13 directly. Bl

After reviewing the proofs of Theorem 12 and Theorem 13, we observe very few features of met-
ric spaces have been used in them. The main property used was the Heine-Borel one (covering). It
actually turns out that it is not difficult to extend the result to the case of compact Hausdorff topolog-
ical spaces. Such spaces share many properties with compact metric space. Recall that a topological

31



space X is said to be a Hausdorff space if, any two distinct points in X have disjoint open neighbor-
hoods. (Of course, in a metric space, two sufficiently small open balls will suffice.)

There also exist more general and more precise versions in the sense that it is not even necessary
to assume that the algebra vanishes at no point, obtaining a dichotomy: if all the functions vanish at
a given point, then the closure is the set of functions in the space that vanish at that point. Folland’s
book mentioned in the Bibliography is recommended for such generalizations.

. Again, let
={zeC:lzl=1}={e'! : te0,27]}

be the unit circle (in Topology and Geometry usually denoted by S?). The espacio 6 (T) of continuous
functions on T can be identified with the space of periodic continuous functions

Cl0,27] = {f € €10,2n] : f(0) = f(2m)}.

(Periodic in the sense that they can be extended continuously to the entire real line R to be periodic
with period 27.) The canonical form of establishing a bijection between the two spaces is the follow-
ing. Denote by E the complex exponential-trigonometric function E(f) = e'’. It is easy to see that
every f € C[0,27] can be written as f(t) = g(E(t)), where g € €(T) and is unique. Conversely, for
every g € €(T), the function f defined in this way is unique and f € C[0,2x].

Typical examples of function in € (T) are the complex trigonometric polynomial. These are func-
tions of the form N
P(z) = Z ckzk, cr€CzeT,

N

which can also be written as

N
P(e'h) = Z cre'*t, c,€C, te[0,2m].
k=—N
Note that this collection includes the real trigonometric polynomials, which are functions of the form

Q(n = Zakcoskt+2bksmkt aip, b R, t€[0,2m].
k=0 k=1
The explanation for this is very simple. Starting from the known formulas
il 4 pit it _ pit
cost=——, sint = - =i ,
2 2i 2

we see that
lkt+ e—lkt N e—lkt ikt

Q) = Zakcoskt+2bksmkt_Zak—+izbk
k=0 2 =1 2
N N N . -1 . N
ap—iby ; a +zb ap—iby ; a_y+ib_y ;
Zuezkt Z k k o ikt _ Z k kezkt+ Z k kezkt: Z Ckezkt
=0 2 k=1 =0 2 k=N 2 k=—N

for the obvious choice of the numbers ¢ € C.
Here is the analogue of Weierstrass’ theorem for trigonometric polynomials.
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Theorem 14. (Weierstrass-Fejér). Every function f € € (T) with real values can be approximated uni-
formly on T by real trigonometric polynomials.

Analogously, every function f € € (T) with complex values can be approximated uniformly on T by
complex trigonometric polynomials.

PROOFE. We prove only the complex case, the real one being an easy (and completely analogous) exer-
cise.

Let «/ be the coleccion of all complex trigonometric polynomials. Obviously, </ is an algebra of
continuous functions on T and is self-adjoint. Moreover, <« separates points on T since it contains
the identity function on T and vanishes at no point of T since it contains all constant functions. The
conclusion follows by Theorem 13. B

Characterizations of relatively compact sets in some metric spaces

We expand upon our earlier notes by proving some general results regarding compactness such
as the result (stated without proof in the review notes) relating total boundedness and compactness.
Next, we characterize the relatively compact sets in some specific metric spaces. More specifically, we
prove a general version of the theorem of Arzela-Ascoli for €' (K) (where K is a compact metric space
rather than just the interval [a, b] in a typical undergraduate course) and the theorem of Frechét for
the sequence spaces ¢7,1 < p < oco.

. We introduce an important family of normed (hence, also metric) spaces, beginning with
an important special case.

Definition. The space ¢? is defined as the set of all sequences x = (X, X2,...) forwhich 377 , |x, 12 < oco.

Many texts often (in a rather informal way) refer to such sequences as square-summable sequences.
However, one should be aware that, as always, ¥°° | |x,|* < co implies that the series Y., x7 is con-
vergent (its sum could be a real or complex number) but not the other way around. For example,

. in —_— n . . . . . . . .
if x,, = ﬁ then Y0, x% = ¥, % is a convergent alternating series by Leibniz’ criterion, while
< lxalP =X, % is the well-known harmonic series which is divergent.

Proposition 16. The expression (x,y) = ¥.7"_| XnYn defines an inner product in ¢2. This inner product,
in turn, induces the norm defined by || x|l = (X2, Ixnlz)llz.

PROOF. We omit the proof since it can be found in most of the recommended texts. Moreover, in some
of the earlier courses we have already seen at least the finite versions (in R” and C") of the following
inequality, called the Cauchy-Schwarz inequality:

33



00 Io's) 1/2 fo%e) 1/2
K6, )1 =Y. xpn s(Z |xn|2) -(Z |yn|2) =l xll2llyll2
n=1 n=1 n=1

Note that this is somewhat stronger than just the inequality [(x, )| < | xll2]lyll2 (which is the usual
statement of the Cauchy-Schwarz inequality for inner product spaces). The reason for this is that in
R and C" we have more structure, hence there is another term in between these two quantities. ll

Generalizing the definition of square-summable sequences ¢, we can consider p-summable se-
quences for any finite positive p.

Definition. Let 0 < p < co. The space ¢7 is defined as the set of all infinite sequences x = (x1, x2,...)
such that

o0
Y |xnl? < +oo.
n=1
The space ¢*° is defined as the set of all bounded infinite sequences.
As an application of the usual finite Minkowski inequality:
1/p

n 1/p n 1/p n
( |xk—J’k|p) < (Z |xk|p) +(Z |J/k|p) ,
k k=1 k=1

=1

valid for 1 < p < oo (but not for 0 < p < 1), by letting n — oo we obtain the infinite version of the same
inequality, which yields the following statement.

Proposition 17. The expression || x|, = (X7, |x,|P)P defines a norm on ¢, whenever1 < p < oco.
The natural norm on ¢ is defined by || X|loo = SUp,,en X1l
Proposition 18. If 0 < p < g < oo then ¢P c ¢9.

PROOF. Let x € ¢P be arbitrary. Since the series }_>° , |x,|” converges, it follows that lim,,_. [x,|” =0,

hence lim,_. |x;| = 0. In particular, there exists N € N such that |x,| < 1 for all n = N. But then

|x,19 < |x,|P since p < g so by Comparison Test we conclude that the series Yo |x,|9 converges.
Note that the above argument also shows that x is a bounded sequence, so in particular x € /*°. B

Example 15. The sequence x = (%)‘,’l"=1 belongs to ¢P if only if p > 1. This is so because of the well-
known fact from Calculus that }_5 # converges whenever p > 1 and diverges for p < 1 (to see this, use
for example the integral test for positive series).

In view of Proposition 18, we have ¢' c Np>1¢P. Note that this example also shows that ot £

ﬂp>l gp-

The following property justifies the notation £°°.
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Exercise 1. For each fixed sequence x = (x1, X2, ...), show that lim, . [|xlp = [| X[l co.

Finally, the following important result will be proved later in much greater generality.

Theorem 15. ¢7 is a complete metric space for all p € (0,00]. In particular, it is a Banach space when
1 < p < oo and a Hilbert space when p = 2.

. In this section we establish a new characterization of
compactness and relative compactness.

Diameter and bounded sets. The concept of a bounded set, well known from Euclidean spaces,
is easy to extend to the setting of normed spaces and even metric spaces.

Definition. Let (X, d) be a metric space. A set A c X is said to be bounded if there exists a point a € X
such that sup,, x d(a, x) < +oo0.

Of course, this is the same as saying that there exist a constant M > 0 and a point a € X such that
d(x,a) < Mforall xe X.

Definition. The diameter of the set A in a metric space (X, d) is diam(A) = sup{d(x,y) : x,y € A}.
Note that the value +oco is allowed.

Example 16. (a) In every metric space, any finite set has finite diameter. (If it consists of n points, there
are only (Z) different values of the distances between its points xy,...,X, and a finite maximum among
such distances is attained).

(b)) IfA= {% : neN}, then diam A = 1 and this supremum is not attained.

(c) The x-axis in the Euclidean plane with the usual metric (and any line in general) has infinite
diameter.

Proposition 19. Every compact set has a finite diameter. Moreover, the infimum in the above definition
is attained.

PROOE. We leave this is an exercise (see sample questions for the Midterm Exam). Hint: first prove
and then use the continuity of d(x, y) as a function of two variables. B

Proposition 20. (a) Let (X, d) be a metric space. A set A < X is bounded if and only if diam(A) < +oo.
(b) If X is a normed space and A c X, then A is bounded if and only if sup,c 4 | x|l < +oo.
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PROOE. (a) This is a simple exercise. See Problem Set 2.

(b) This is also easy since the induced metricin X is given by d(x, y) = [|x—y|l. If sup ¢4 | x|l < +o0,
this means that for the point a = 0 we have sup . 4, d(x, a) < +oo. Conversely, if there is a point a € X
such that R = sup . 4 llx— all < +oo, then for every x € Awe have | x| < [[x—all +|lall < R+ all, a fixed
positive number. Bl

Totally bounded sets. We now discuss a concept that is fundamental in describing compact sets.

Definition. Let € > 0, (X, d) a metric space and A c X. A collection M, of points is said to be an ¢-net
for Aif AcUyxen, B(x;6).

A subset of X is said to be fotally bounded if for every € > 0 it has a finite e-net.
Note that in the definition we did not specify whether we require M, c A or simply M, c X. It turns
out that this is completely irrelevant for the definition of a totally bounded set. In other words, the
following two ways of defining a totally bounded set are equivalent:

n
(1) Ve>03xy,...,xp€Xst.  Ac | B(xg;e),
k=1

n
2) Ve>03xy,...,xp€ Ast.  Ac | B(xg;e).
k=1
(Clearly, ) (2) = (1). We leave this as an exercise for Problem Set 2.
We review some properties related to total boundedness.

Proposition 21. Every totally bounded set is bounded.

PROOE. Given € >0, let M, = {x} : 1 < k < n} be a finite e-net for A. Then diam M, < +oo. Let x, y€ A
be arbitrary. Since A c UZ:1 B(xy;¢€), there exist integers [, m € {1,...,n} such that x € B(x;;¢) and
¥ € B(x; €). Then, by the triangle inequality,

d(x,y) <d(x,x;)+d(x;, xm) + d(xpy, y) <diam M, + 2¢.
This proves that diam A < diam M, +2¢ < +oco. B

Proposition 22. In the Euclidean space R", boundedness and total boundedness are equivalent.

PROOE. We need only show that boundedness implies total boundedness, in view of Proposition 21.
Let A be a bounded set in R”. Then there exists R > 0 such that for each x = (x1,..., x;) € R"” and each
k €{1,...,n} we have |x;| < R. In other words, A c [-R,R]" = Q, an n-dimensional cube. Let € > 0.
By dividing Q into finitely many smaller cubes (of equal and sufficiently small side lengths each), the
vertices of these cubes will form a finite e-net for A. (The reader is invited to check that a quantity
smaller than ¢/+/n is a “sufficiently small size”.) B

Here is an example of a totally bounded set in a non-Euclidean space.
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Example 17. Consider the set A = {x = (x,)2,,: VneN,|x,| < Zin}. (Check by Comparison test that

n=1"*
any member of A is an ¢? sequence.) Then A is totally bounded in ¢?. This can be seen as follows. Given

€>0, pick N eN such thatziN < % Given x = (x1, X2,...) € A, consider y = (x1,X2,...,Xn,0,0,...). Then

1/2 1/2 1/2
- x 1 1 [&1 1 €
||x—J/||2:( Z |x11|2 S( Z —) :—(Z_) < — < —,
n=N+1 n=nN+1 4" 2" k=1 4k 2N 2

The set B of all such y is an e/2-net for A. Since we can identify B with a subset of RN which is bounded,
B is totally bounded, hence there exists a finite e/2-net for B in RN . This same set is clearly a finite e -net
for A.

The sequences e; = (1,0,0,0,...), e2 = (0,1,0,0,...), e3 = (0,0,1,0,...), etc. are important elements
of £2 since they form an orthonormal basis; this will be explained later when we discuss Hilbert space
techniques. The following example involving these elements shows that the converse to Proposi-
tion 21 is false.

Example 18. The set {e,, : n € N} is bounded in 02 since |lepll2 = 1 for each n € N. However, this set is
not totally bounded: for every two distinct elements e, and e, we have |le,, — ey ll2 = V2, which shows
that for 0 < € < v/2/2, no ball of radius € can contain more than one element e,.. Hence no e-net for
such values of € can possibly be finite (since it cannot even cover the set {e;, : n € N}).

There is an alternative formulation of total boundedness. Namely, instead of considering covers
by open balls B(x;¢) it is often convenient to use instead arbitrary sets of diameter € (or at most ).
For a cover by sets of diameter ¢, the term e-cover is also used often.

Proposition 23. A set is totally bounded if and only if for every € > 0 it admits a finite cover by sets of
diameter at most €.

PROOE. On the one hand, if a set is totally bounded, for any € > 0 it admits a finite cover by open balls
of radius /2 each. It is readily seen that each such ball is a set of diameter at most ¢: if x, y € B(c; )
thend(x,y) <d(x,c)+d(c,y) <€, hence diam B(c;r) =supfd(x,y) : x,ye B(c;r)} <e.

On the other hand, suppose that for every € > 0 a set A has a finite cover by sets of diameter at
most . Consider an arbitrary but fixed £y > 0. Then A can be covered by sets of diameter at most 3.
Since any such set, say V, is contained in a an open ball of radius ¢, (fix any point x € V and observe
that for all y € V we have d(x, y) < 82—0 < €9, hence V c B(x;¢&p)). Thus, A admits a finite cover by open
balls of radius &y. Since this is true for arbitrary €3 > 0, we conclude that A is totally bounded. B

The reader is invited to check that we can also use covers by sets of diameter strictly smaller than
¢ instead of e-covers (for arbitrary € > 0). Such alternative definition of total boundedness is also
equivalent to the standard one. In summary, in the proofs we do not have to worry about whether we
use the radius of a ball or a diameter of a set, or whether we work with the < or < sign. Thus, from
now on we will change from one formulation of total boundedness to another rather freely.
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Exercise 2. In every metric space, we have diam B(x; %) = €. True or false? Explain your answer by
giving a very short proof or a simple counterexample.

Total boundedness and compactness. The following result explains the relevance of total bounded-
ness by establishing a direct relationship between this concept and relative compactness. In what
follows, we assume the equivalence between compactness (expressed in terms of open covers) and
sequential compactness in a metric space, which should be known from some earlier course.

Theorem 16. Let (X, d) be a complete metric space. A set F c X is relatively compact if and only if it is
totally bounded.

PROOE. (=): One typical way of proving this is by showing that if a set is not totally bounded, then
it contains a sequence which has no Cauchy subsequence. We leave this as an exercise (see Problem
Set 2).

(<): Let F c X be totally bounded. We will show that every sequence (x,), in F has a subse-
quence convergent to some element of X; this will imply relative compactness of F.

Let (x,), be an infinite sequence in F. For every n € N we can cover F by finitely many sets of di-
ameter at most 1/n. Thus, in particular, F c U;.”:ll Vj“), with diam V].(l) < 1. At least one of the sets Vj(l)
contains an infinite subsequence of (x,),, say (xfll))n. Also, F c U;.”:ZI Vj(z) with diam Vj(l) < %, hence at
least one of the sets Vj(Z) contains an infinite subsequence of (xﬁll))n, say (x,(f))n. Next, F c U;.”:f‘l V].(3)

where diam Vj(g) < 1 and therefore at least one of these sets contains an infinite subsequence of

3 )
(xff)) n, Say (xg’)) n. Continuing in this fashion, we obtain a countable number of sequences:

on .1 (1 : 1 .M

Xp7, X, X3, with d(x,,,x,’) <1
1

2 ,.2) (2 : 2 ,2

X757, X3, . with d(x,;, x;; )<§
1

3 ,.3 .3 : 3 ,.3)

X7 Xy, X, with d(x,,, x,, )<§

Here each one of the subsequences is a subsequence of the one preceding it. Thanks to this, we know

that in the list of elements of the sequence (x,),, the term xil) comes before the term xéZ), which

in turn comes before xég), and so on. Thus, the diagonal sequence (x,(f))n is a subsequence of (x,) .

Moreover, its elements satisfy the inequalities d (x,(,'f),x,(f)) < % whenever m > n, since each x,(ff) is
one of the members of the sequence xi"), xé”),. ..Hence, the diagonal sequence (x,({’))n is a Cauchy

sequence in X. But X is complete by assumption, hence (xﬁl”)) n is convergent (to some element of X).
We have, thus, been able to extract a convergent sequence of our initial sequence (x;),. This shows
that F is relatively compact. B
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Corollary 4. A metric space X is compact if and only if X is complete and totally bounded.

PROOE. (=): Every compact metric space is complete (Exercise, Problem Set 2). Total boundedness
follows from Theorem 16.

(<=): For the entire space X compactness coincides with relative compactness, which is implied
by total boundedness, so the statement again follows from Theorem 16. B

Example 19. We know from Example 18 that the set E = {e,, : n € N} in £2 is bounded but not totally
bounded. We can now argue this in a slightly different way: whenever m # n, we know that| e, —eyl1 =
V2, hence E does not contain a Cauchy sequence. Therefore it cannot contain a convergent sequence
and so it cannot be compact. In view of Theorem 16, it cannot be totally bounded.

. We are now ready for the
main goal of these notes: to characterize the relatively compact subsets of certain known metric
spaces (actually, Banach spaces). We prove two such theorems now and may mention some further
ones as the course advances.

If one compares the typical proofs of results that characterize relative compactness of certain sets
in different metric spaces that can be found in the literature, certain similarities can be observed be-
tween them, in the sense that they all apply similar ideas. The following basic property is the essence
of most such proofs of total boundedness and was formulated as a general phenomenon in an expos-
itory article published in 2010 by the Norwegian mathematicians Hanche-Olsen and Holden.

Lemma 7. Let (X, d) be a metric space. If for every € > 0 there exists 6 > 0 and there exist another metric
space (Y, p) and a mapping® : X — Y such that:

(1) ®(X) is totally bounded in Y ;

) forevery x, y € X, if p(®(x),®(y)) <0 thend(x,y) <e,
then X is totally bounded.

PROOE. Since ®(X) is totally bounded by assumption (1), for the value 6 = d(¢) > 0 chosen as in the
statement, there exists a finite §-cover of ®(X), say V,...,V,.

By assumption (2), we see that oV, ..., V(1) is an e-cover of X. This is easily checked
as follows. If x € X then ®(x) € ®(X), hence for at least some k € {1,2,...,n} we have ®(x) € V, so
x € (V). This shows that X < J}_, @V (V).

Also, if x, y € @V (V) for some k € {1,2,..., n}, then ®(x), (y) € V4, so that p(®(x), ®(y)) <. By
(2), it follows that d(x, y) < €. This shows that also diam oY (V) < e. This shows that X is totally
bounded.

We shall see in two proofs that follow how Lemma 7 is applied in a typical way (always in one of
the two implications that have to proved when characterizing compactness in different spaces).
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Arzela-Ascoli theorem.The reader is probably familiar with the statement of this classical result for
%la, b] from an earlier course. It is useful to know that proving the generalization for continuous
functions on general compact sets in metric spaces does not require much more work. Let us first
recall an important definition.

Definition. Let (X, d) be a metric space and A < X. A family of functions &% < ¥(A) is said to be
equicontinuous if

Ve>030>0VfeF Vx,yeA dx,y)<d=|fx)-f(yl<e.

Example 20. Let (X, d) be a metric space. Consider any family & of functions f : X — R (or C) that
satisfy the Lipschitz condition with the same constant: | f (x) — f(y)| < Md(x, y). Clearly, & is equicon-
tinuous; to see this, simply choose 6 = €/ M.

In particular, if I c R is an interval and & is a family of functions f : I — R with a uniformly
bounded derivative, say, | f'(t)| < M for all t € R, then by Lagranges’s mean value theorem known from
Calculus: f(x)— f(y) = f'(&)(x — y) for some ¢ between x and y, we see that & is an equicontinuous

family.

Theorem 17. (Arzela-Ascoli) Let K be a compact metric space and & < €(K). Then & is relatively
compact if and only if it is equicontinuous and uniformly bounded.

PROOE. (=): Suppose & is relatively compact; then it is totally bounded by Theorem 16. By Propo-
sition 21 it follows that & is bounded in the norm of ¢ (K), meaning that it is a uniformly bounded
family.

Thus, it is only left to show that it is equicontinuous. To this end, let € > 0 and let fi, f>, ..., f, be
an ¢/3-net for &. For an arbitrary function f € &, there exists at least one k € {1,2,..., n} such that
| f = fell = maxyex | f(x) — fi(x)| < €/3. Hence, for any x, y € K, we obtain

2
lf ) —fMI=1fx) = [+ 1) = frDI+ () = fFI < EE +1fi(x) = fr(I.

Since K is compact and all f; € €(K), by generalized Cantor’s theorem each fj is uniformly continu-
ous on K. Thus, there exists § > 0 such that

x,ye Kand d(x,y) <0 = |fr(x) - fi()] <§, for ke{1,2,...,n}.

(To obtain such a 6, first choose §; corresponding to fi, then 6, corresponding to f5, ..., , corre-
sponding to f;, and finally take 6 = min{d1,...,02}.) Finally, we see that for such § > 0 and for arbitrary
x, y€ Kwith d(x, y) <6 we have | f(x) — f(y)| < €. This shows that & is an equicontinuous family.

(<=): Assume that % is a uniformly bounded and equicontinuous family in € (K). We will now
show that & is totally bounded by using Lemma 7.
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Let € > 0. By equicontinuity, there exists 6 > 0 such that forall x, ye Kand all f € &, d(x,y) <6
implies | f(x) - f(y)| < 5.

Since K © Uyex Vi, with all V open and diam V, < § (for example, taking Vi = B(x,2), by com-
pactness of K we know that there exist V1, ..., V,, such that K c u =1 Vi, where each Vj is a neigh-
borhood of some x; and diam Vj < 6. If x € Vi then d(x, x;) <, hence by the previous paragraph
1f(0) — flap)l <&

Now define ® : & — R” by ®(f) = (f(x1),..., f(x), where R” is equipped with the || - || norm.
Since & is a uniformly bounded family, it follows that ®(%) is a bounded subset of R” (note that
each vector in it is bounded by the same constant in every coordinate), hence it is totally bounded by
Proposition 22. Furthermore, if f, g € & and

19(f) - ®(g)lloo = sup |f(x) — glxp)l < g

1<k<n

for any x € K we can find Vi such that x € Vi, so by d(x, xi) < d we get

If(x) =g =I1f(x)— fl)l+If(xx) — gl +1g(xk) — g(x)| <3-§ =€.

Hence the norm in € (K) of f — g satisfies || f — gll < €. We have, thus, proved that for every € > 0 there
exists 0 = 0(g) = €/3 and there exists a metric space (Y, p), namely (R”, || - ||) such that ®(%) is totally
bounded and for all f, g € & we have ||®(f) — ®(g)lloo < 6 implies || f — gll < €. We can now apply
Lemma 7 to conclude that % is totally bounded, hence relatively compact.

We have given a proof only for real-valued functions but it can easily be modified for complex-
valued functions, simply by replacing R” by C"*. Bl

Frechét’s theorem. We will now discuss the result, proved by Maurice Frechét around 1908 in the
special case p = 2, which describes the relatively compact subsets of the sequence space ¢” when
1 < p < oco. Note that the statement would not even make sense in the case p = oo since there is no
series involved.

Definition. Let F c /P, 1 < p <oo. We say that the series .7, |x,|P converges uniformly in F (or
uniformly in the variable x = (x1, x,...) € F) if

1/p
Ve>03INeNVxeF ||x—(xl,...,xN,O,O,...)Ilp:(Z |xn|l’) <e.
n>N

Theorem 18. Let 1 < p < oo and F c ¢P. Then F is relatively compact if and only if it satisfies the
following two conditions:

(1) F is uniformly bounded in each coordinate;
and

(2) the series 3.7 | |x,|P converges uniformly in x = (x1, x2,...) € F.
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PROOFE. («<=): Suppose that F satisfies conditions (1) and (2). We will show that it is totally bounded,
hence relatively compact.

Let € > 0. Choose N as in (2) corresponding to the value €/3 instead of € and then define the
mapping ® : F — RN by ®(x) = (x1,..., xn). Condition (1) then implies that ®(F) is bounded, hence
totally bounded, by Proposition 22.

Now, if x, y € F and N Uy
€

n=1

then by Minkowski’s inequality

00 1/p N 1/p 0 1/p oo 1/p .
IIx—yllp:(len—ynlp) S(len—ynl”) +( Y Ixnl”) +( > Iynl”) <3--=¢,
n=1 n=1 n=N+1 n=N+1 3

By Lemma 7 with 6 = €/3, F is totally bounded.

(=): We leave this as an exercise. See Problem Set2. B
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