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Preface

These informal notes deal with some possible topics for a second course in
analysis. In particular, the reader is assumed to be familiar with metric spaces,
sequences and series, and continuous functions. Some topics may be mentioned
in a first course, with some review or elaboration here.

Of course, there are many textbooks in analysis, a few of which are mentioned
in the bibliography. The aim here is to complement these textbooks, while trying
to look ahead a bit to more advanced courses.

Although some basic notions are used frequently throughout the text, there
is a fair amout of independence between the various sections and chapters. Thus
the reader may wish to focus more on some parts, at least initially.

Some aspects of history related to topics like those considered here may be
found in [3, 15, 17, 18, 19, 20, 32, 33, 41, 42, 45, 66, 67, 68, 71, 72, 73, 74,
75, 76, 77, 79, 80, 96, 113, 152, 164], for instance. Some songs related to some
topics like those considered here may be found in [118, 119, 120]. Some remarks
concerning the clarity of explanations in mathematics may be found in [78].
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Chapter 1

Some mappings, metrics,
and norms

1.1 Lipschitz mappings

Let (X,dx(:,-)) and (Y, dy(+,)) be metric spaces. A mapping f from X into Y
is said to be Lipschitz if there is a nonnegative real number C such that

(1.1.1) dy (f(z), f(w)) < Cdx(z,w)

for every z,w € X. It is easy to see that Lipschitz mappings are uniformly
continuous. Note that (1.1.1) holds with C' = 0 if and only if f is constant on
X.

Let X be a set, and let d(-,-) and d'(-,-) be metrics on X. Consider the
condition that there be a nonnegative real number C such that

(1.1.2) d'(z,w) < Cd(z,w)

for every z,w € X. This is the same as (1.1.1), with dx =d, Y = X, dy = ',
and f taken to be the identity mapping on X.
Let (X,d(-,-)) be a metric space, and put

(1.1.3) p(z,w) = /d(z,w)

for every z,w € X. One can check that this defines a metric on X as well. This
corresponds to the second part of Exercise 11 at the end of Chapter 2 in [155],
when we start with the standard Euclidean metric on the real line.

One can check that the identity mapping on X is uniformly continuous as a
mapping from X equipped with d(-,-) into X equipped with p(z,w). Similarly,
one can check that the identity mapping on X in uniformly continuous as a
mapping from X equipped with p(-,-) into X equipped with d(-, ).

1



2 CHAPTER 1. SOME MAPPINGS, METRICS, AND NORMS

1.2 Lipschitz conditions on R

Let E be a nonempty subset of the real line R, and let f be a real-valued function

on E. Note that f is Lipschitz on E with respect to the standard Euclidean

metric on R and its restriction to E if and only if there is a nonnegative real

number C' such that

(1.2.1) |f(z) = f(w)] < Clz — w|

for every xz,w € E. Here |t| denotes the usual absolute value of a real number ¢.
Of course, (1.2.1) holds automatically when = w. If  # w, then (1.2.1) is

the same as saying that
(1.2.2) M <C.
|z —wl

Suppose that z € F is a limit point of E. The derivative of f at x is defined
as usual by

(1.2.3) f'(z) = lim 22—

when the limit on the right exists. In this case, f is said to be differentiable at
x, as a function on E. If f is differentiable at x, and (1.2.1) holds for all w € E,
or at least when w € F is sufficiently close to x, then one can check that

(1.2.4) If'(z)] < C.

If f is differentiable at x, then f is continuous at z, as a function on E, by
a standard argument. More precisely, if C' is a real number such that

(1.2.5) If(z)| < C,

then one can verify that (1.2.1) holds for all w € E that are sufficiently close to
x.

Let a and b be real numbers with a < b, and suppose for the moment that
E is the corresponding open interval (a,b) in R. We may also allow a = —oo or
b = 400 here, so that E could be the real line, or an open half-line in R. Suppose
that f is differentiable at every point in F, and that there is a nonnegative real
number C such that (1.2.4) holds for every = € E. Under these conditions, the
mean value theorem implies that (1.2.1) holds for every z,w € E.

Let a and b be real numbers with ¢ < b again, and suppose now that E
is the corresponding closed interval [a,b] in R. Suppose that f is continuous
on [a,b], and differentiable at every point in (a,b). If there is a nonnegative
real number C such that (1.2.4) holds for every = € (a,b), then the mean-value
theorem implies that (1.2.1) holds for every z,w € E.

Of course, there are analogous statements when E is a half-open, half-closed
interval in R, or a closed half-line in R.

See [13, 34, 39] for some related perspectives on the mean value theorem.
Some additional results related to the mean value theorem can be found in
[99, 181]. Some aspects of calculus on the rationals are discussed in [100, 102].
Some more connections between Lipschitz conditions and derivatives will be
considered in Chapter 8.
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1.3 Norms on R"

Let n be a positive integer. Remember that R™ is the space of ordered n-tuples
z = (x1,...,2,) such that ; € R for each j = 1,...,n. Addition can be
defined on R"™ coordinatewise, so that

(1.3.1) z+y=(x1+y1, - Tn+ Yn)
for every x,y € R™. Similarly, if t € R and z € R", then
(1.3.2) te=(txy,...,txy)

defines another element of R™. Using these definitions of addition and scalar
multiplication, R™ becomes a vector space over the real numbers. Although
we shall not discuss the formal definition of a vector space here, the relevant
notions will hopefully be clear in the examples. Note that we shall use 0 to refer
to the element of R™ whose coordinates are equal to the real number 0, which
will hopefully also be clear from the context.

A nonnegative real-valued function N on R" is said to define a norm on R"™
if it satisfies the following three conditions. First, N(z) = 0 if and only if z = 0.
Second,

(1.3.3) N(tz) = |t| N(z)

for every t € R and z € R". Third,
(1.3.4) N(z+y) < N(z)+ N(y)

for every x,y € R"™, which is the triangle inequality for norms.
The standard Fuclidean norm is defined by

(1.3.5) 2|2 = (ix?)l/z

=1

for every x € R"™. Of course, this uses the nonnegative square root on the
right side of the equation. It is easy to see that this satisfies the first two
requirements of a norm mentioned in the preceding paragraph. The triangle
inequality is more complicated, and can be obtained from the Cauchy—-Schwarz
inequality. See Theorem 1.37 on pl6 of [155].

One can check directly that

(1.3.6) lzlly = Ja]
j=1

defines a norm on R™. (Exercise.) Similarly,

(1.3.7) |z]| o = max(|z1],. .., |Znl])
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defines a norm on R™, where more precisely the right side is the maximum of

|z1], ..., |zn|. In particular, if 2,y € R™, then
[z +ylle = max(|z1+uy1l-.., |20 + ynl)
(1.3.8) < max(lza] + gl |zl 4 ynl) < [[2lloo + 1Yl

using the triangle inequality for the absolute value function on R in the second
step.
If N is any norm on R", then

(1.3.9) dn(z,y) = N(z —y)

defines a metric on R™. Indeed, the first requirement of a norm ensures that
(1.3.9) is equal to 0 if and only if x = y. The homogeneity condition (1.3.3)
implies that (1.3.9) is symmetric in = and y, by taking ¢ = —1 in (1.3.3).
The triangle inequality for (1.3.9) as a metric on R™ follows from the triangle
inequality (1.3.4) for N as a norm on R™.

The metric
(1.3.10) do(z,y) = |l — yl|2

associated to the standard Euclidean norm (1.3.5) is the standard Fuclidean
metric on R™. Let

(1.3.11) di(z,y) = |z — yllx
and
(1.3.12) do (2, ) = ||z = ylloo

be the metrics on R™ corresponding to the norms (1.3.6) and (1.3.7), respec-
tively. If n = 1, then the norms (1.3.5), (1.3.6), and (1.3.7) reduce to the
absolute value function on R, and the corresponding metrics are the same as
the standard Euclidean metric on R.

If ay,...,ay, by,...,b, are nonnegative real numbers, then
n n 2\ 1/2 n 2\ 1/2
(1.3.13) Sabi< (Doad) T (2e)
j=1 j=1 j=1

This is a version of the Cauchy—Schwarz inequality. This is often formulated
a bit differently for arbitrary real or complex numbers, as in Theorem 1.35
on pl5 of [155]. This formulation is included in the other one, by restricting
one’s attention to nonnegative real numbers. The other formulation can also be
obtained from this one, by applying (1.3.13) to the absolute values of the given
real or complex numbers.

1.4 Norms on C"

Let C be the complex plane, as usual, and let n be a positive integer again. As
before, C" is the set of ordered n-tuples of complex numbers. Addition can be
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defined on C™ coordinatewise, as in (1.3.1). One can also multiply an element of
C™ by a complex number coordinatewise, as in (1.3.2). In this way, C™ becomes
a vector space over the complex numbers.

A nonnegative real-valued function N on C™ is said to be a norm on C™ if it
satisfies the same type of conditions as in the previous section. More precisely,
the first and third conditions conditions are the same as before. In this situation,
the homogeneity condition (1.3.3) should hold for all complex numbers ¢ and
elements of C™, where |¢| is the usual absolute value function on C.

The standard Fuclidean norm is defined on C™ by

n

(141) lelle = (32 1517) "

Jj=1

where |z;| is the absolute value of z; € C for each j = 1,...,n. The triangle
inequality for (1.4.1) can be reduced to the real case, by taking the absolute
values of the coordinates of elements of C™ to get n-tuples of nonnegative real
numbers. This argument uses the triangle inequality for the absolute value
function on C, which is the same as the n =1 case. The triangle inequality for
(1.4.1) on C™ can also be obtained from the Cauchy—Schwarz inequality, using
an argument analogous to the one in the real case. As before, it is easy to verify
the other two requirements for (1.4.1) to be a norm on C™ directly from the
definition.

Alternatively, the complex plane can be identified with R2, using the real
and imaginary parts of a complex number. Using this identification, the absolute
value of a complex number corresponds to the standard Euclidean norm on R2.
Similarly, C" can be identified with R?", using the real and imaginary parts of
the n coordinates of an element of C™. Using this identification, the standard
Euclidean norm (1.4.1) on C™ corresponds exactly to the standard Euclidean
norm on R?". This permits one to get the triangle inequality for (1.4.1) on C"
from the triangle inequality for the standard Euclidean norm on R2", because
addition on C™ corresponds exactly to addition on R?" with respect to this
identification.

As before, one can verify directly that

(1.4.2) Izl = > Iz
j=1

and
(1.4.3) Iz]lcc = max(|z1],.. ., |zal)

define norms on C™ as well. Of course, R" may be considered as a subset of
C", because R is contained in C. The restrictions of (1.4.2) and (1.4.3) to
z € R™ are the same as the corresponding norms defined on R” in the previous
section. Similarly, the restriction of (1.4.1) to z € R™ is the same as the standard
Euclidean norm on R”.

If N is any norm on C", then

(1.4.4) dn(z,w) = N(z —w)
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defines a metric on C™, for the same reasons as in the real case. The standard
Euclidean metric on C™ is the metric

(1.4.5) da(z,w) = ||z — w2

associated to the standard Euclidean norm (1.4.1). Similarly, let

(1.4.6) di(z,w) = ||z — |
and
(1.4.7) doo(2z,w) = ||z — wleo

be the metrics on C™ associated to the norms (1.4.2) and (1.4.3), respectively.
If n = 1, then the norms (1.4.1), (1.4.2), and (1.4.3) reduce to the absolute value
function on C, so that the corresponding metrics are the same as the standard
Euclidean metric on C.

The restriction of any norm N on C" to R"™ defines a norm on R™. In
this case, the restriction of (1.4.4) to z,w € R"™ is the same as the metric on
R” associated to the restriction of N to R". In particular, the restrictions of
(1.4.5), (1.4.6), and (1.4.7) to z,w € R™ are the same as the corresponding
metrics defined on R in the previous section.

Let p be a positive real number, and put

n

(145) lelly = (3 117) "

j=1

for every z € C™. It is easy to see that this satisfies that positivity and ho-
mogeneity requirements of a norm. If p > 1, then it is well known that (1.4.8)
satisfies the triangle inequality, and hence defines a norm on C". This is a
version of Minkowski’s inequality for sums. Of course, (1.4.8) is the same as
(1.4.1) when p = 2, and it is the same as (1.4.2) when p = 1. If n = 1, then
(1.4.8) reduces to the absolute value function on C. If 0 < p < 1 and n > 2,
then one can show that (1.4.8) does not satisfy the triangle inequality, because
the corresponding balls in C™ are not convex. There are analogous statements
for the restriction of (1.4.8) to R".

1.5 Some basic inequalities
Let n be a positive integer, and let z € C™ be given. It is easy to see that
(1.5.1) [2lloe < ll2ll2, llzl1,

directly from the definitions of these norms in the previous section. Similarly,

n n
(1.5.2) 12113 = > 1zil* < llzllo D123l = llzlloo 2 ll1 < 12113,
j=1 j=1
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so that
(1.5.3) 202 < ll=[1-

It follows that the corresponding metrics satisfy
(1.5.4) doo(z,w) < do(z,w) < dyi(z,w)

for every z,w € C".
In the other direction, we have that

(1.5.5) Izll2 < n/?|z]l 0
and
(1.5.6) Izl < nll2llo

for every z € C™. One can also check that
(1.5.7) Izl < n*2 122

for every z € C", using the Cauchy-Schwarz inequality (1.3.13). This implies
that

5.8) do(z,w) < n'?dy(z,w),
5.9) di(z,w) < ndw(z,w),
and
(1.5.10) dy(z,w) < n'?dy(z,w)

for every z,w € C".

Using these simple relationships, we get that di(z, w), d2(2z,w), and deo (2, w)
have many of the same properties on C". They determine the same collections
of open sets, closed sets, compact sets, and bounded sets, for instance. They
also determine the same limit points of subsets of C", convergent sequences in
C™, and Cauchy sequences. Using (1.5.4), it is easy to see that the identity
mapping on C" is Lipschitz as a mapping from C" equipped with d;(z,w)
into C™ equipped with da(z,w), and from C" equipped with da(z,w) into C™
equipped with doo(z,w). Similarly, the identity mapping on C™ is Lipschitz as
a mapping from C" equipped with dy(z,w) into C™ equipped with duo(z,w).
We can use (1.5.8) to get that the identity mapping on C™ is Lipschitz as a
mapping from C” equipped with d (z,w) into C™ equipped with ds(z, w), and
(1.5.10) implies that the identity mapping on C™ is Lipschitz as a mapping from
C" equipped with da(z, w) into C™ equipped with d;(z,w). One can use (1.5.9)
to get that the identity mapping on C" is Lipschitz as a mapping from C"
equipped with do(z,w) into C™ equipped with di(z,w). Of course, there are
analogous statements for the restrictions of these metrics to R”.

If N is any norm on R™ or C", then one can show that N is bounded by
a constant times the standard Euclidean norm, or equivalently by a constant
times either of the norms || - ||1, || - |lco- To see this, one can express any element
of R™ or C" as a linear combination of the standard basis vectors, to estimate
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N in terms of the absolute values of the coodinates of the given vector. One
can use this to show that N is continuous as a real-valued function on R"™ or
C™, as appropriate, with respect to the standard Euclidean metric. It follows
that N attains its minimum on the unit sphere in R™ or C™, as appropriate,
with respect to the standard Euclidean metric again. Because the infimum is
positive, by definition of a norm, one can verify that the standard Euclidean
norm is bounded by a constant times N on R™ or C”, as appropriate.

1.6 Functions with finite support

Let X be a nonempty set, and let f be a real or complex-valued function on X.
The support of f is defined to be the subset of X given by

(1.6.1) supp f ={z € X : f(z) # 0}.

Let coo(X,R) be the space of real-valued functions on X whose support has
only finitely many elements, and let coo(X, C) be the space of complex-valued
functions on X with finite support. If f and g are real or complex-valued func-
tions on X with finite support, then their sum f(z) + g(z) also defines a real
or complex-valued function on X with finite support. Similarly, if f is a real or
complex-valued function on X with finite support, and ¢ is a real or complex
number, as appropriate, then t f(z) has finite support in X. More precisely,
coo(X, R) and ¢ (X, C) are vector spaces over the real and complex numbers,
respectively, with respect to pointwise addition and scalar multiplication of func-
tions. These may be considered as linear subspaces of the spaces of all real or
complex-valued functions on X, respectively.

Of course, if X has only finitely many elements, then every real or complex-
valued function on X automatically has finite support. Let n be a positive
integer, and suppose for the moment that

(1.6.2) X ={1,....n}

is the set of positive integers from 1 to n. In this case, coo(X, R) and ¢ (X, C)
can be identified with R™ and C”, respectively. Similarly, if X is the set Z, of
positive integers, then a real or complex-valued function on X corresponds to an
infinite sequence of real or complex numbers. Thus ¢go(Z+,R) and cgo(Z4, C)
can be identified with the spaces of infinite sequences of real or complex numbers
for which all but finitely many terms are equal to 0, respectively.

As usual, a nonnegative real-valued function N on cgo(X,R) or coo(X, C) is
said to be a norm if it satisfies the following three conditions. First, N(f) =0
if and only if f = 0. Second, if f € coo(X,R) or cgo(X,C) and t € R or C, as
appropriate, then
(1.6.3) N(tf) = [1 N (D).

Third,
(1.6.4) N(f+9) < N(f)+ N(g)
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for every f, g € coo(X,R) or ¢oo(X, C), as appropriate. In this case,

(1.6.5) dn(f,9)=N(f —9)

defines a metric on ¢go(X, R) or cpo(X, C), as appropriate.
Let f be a real or complex-valued function on X. If A is a nonempty finite
subset of X, then

(1.6.6) > fla)

z€A

can be defined as a real or complex number, as appropriate. Suppose that f has
finite support in X, and observe that the finite sums (1.6.6) are all the same
when supp f C A. This permits us to define the sum

(1.6.7) > f)

zeX

as a real or complex number, as appropriate, as the value of (1.6.6) when A is
a nonempty finite subset of X that contains the support of f.
If f is a real or complex-valued function on X with finite support, then

(1.6.8) 1Fllh =D If ()]
rzeX
is defined as a nonnegative real number, as in the previous paragraph. Similarly,
1/2
(1.6.9) 17l = (2 17@)2)
zeX

is defined as a nonnegative real number, where the sum on the right is defined
as before. We can also put

(1.6.10) 1Flleo = max|f(2)],

where the maximum of |f(z)| over x € X is clearly attained in this situation.
One can check that these define norms on coo(X, R) and cgo(X, C). In partic-
ular, the triangle inequality for (1.6.9) reduces to the analogous statement for
R”™ and C™, mentioned in Sections 1.3 and 1.4.

Using these norms, we get metrics

(1.6.11) di(f.9) = IIf =gl
(1.6.12) d2(f.9) = IIf —gl2,
and

(1.6.13) doo(f;9) = I1f — 9l

on ¢oo(X, R) and ¢pp(X, C). If X is as in (1.6.2) for some positive integer n, then
the norms mentioned in the previous paragraph correspond to the analogous
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norms defined on R™ and C” in Sections 1.3 and 1.4. Similarly, these metrics
correspond to the analogous metrics defined earlier on R™ and C" in this case.
If f is a real or complex-valued function on X with finite support, then

(1.6.14) [flloo < I1fll2 < Il

This follows from (1.5.1) and (1.5.3), since it is enough to look at the finitely
many elements of X in the support of f. This implies that

for all real and complex-valued functions f and g on X with finite support.

It follows that the identity mappings on coo(X,R) and coo(X, C) are Lip-
schitz with respect to da(f,g) on the domain and d(f,g) on the range, as
before. Similarly, the identity mappings on cgo(X,R) and cpo(X, C) are Lip-
schitz with respect to dy(f,g) on the domain and da2(f,¢) on the range. The
identity mappings on coo(X,R) and cgo(X, C) are also Lipschitz with respect
to d1(f,g) on the domain and doo(f, g) on the range.

1.7 Cauchy sequences and completeness

Let (X,dx(-,-)) be a metric space. Remember that a sequence {z;}32, of
elements of X is said to be a Cauchy sequence with respect to dx(-,-) if for
every € > 0 there is a positive integer L such that

(171) dx(ﬁj,xl) <€
for every j,1 > L. It is not difficult to verify that
(1.7.2) convergent sequences in X are Cauchy sequences.

If
(1.7.3)  every Cauchy sequence in X converges to an element of X,

then X is said to be complete with respect to dx(-,-). It is well known that R
and C are complete with respect to their standard Euclidean metrics.

Let E be a subset of X, and remember that the restriction of dx (z,w) to
z,w € E defines a metric on E. If {z;}32, is a sequence of elements of E, then
it is easy to see that

(1.7.4) {x;}32; is a Cauchy sequence as a sequence of elements of E
if and only if
(1.7.5) {z;}32, is a Cauchy sequence as a sequence of elements of X,

with respect to dx(-,-) and its restriction to E. If X is complete with respect
to dx(+,+), and if E is a closed set in X, then

(1.7.6) E is complete with respect to the restriction of dx(-,-) to E.
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More precisely, if {z;}72, is a Cauchy sequence of elements of E, then {z;}%2,
is a Cauchy sequence in X, which converges to some = € X, because X is
complete. We also have that x € F, because F is a closed set in X, so that
{r;}52, converges to z in F, with respect to the restriction of dx (-, ) to E.

Suppose now that E is complete with respect to the restriction of dx (-, -) to
FE, and let us check that

(1.7.7) E is a closed set in X.

Let € X be a limit point of £, which implies that there is a sequence {z; };";1
of elements of £ that converges to x in X. Note that {z;}32, is a Cauchy
sequence as a sequence of elements of X, and hence as a sequence of elements
of E. Because E is complete, there is an 2" € E such that {z;}32, converges to
x" with respect to the restriction of dx(-,-) to E. Of course, {;}32; converges
to 2’ in X as well, so that z = 2/, and thus z € E.

Let (Y, dy (+,+)) be another metric space, and let f be a uniformly continuous
mapping from X into Y. If {z; }324 is a Cauchy sequence of elements of X, then
one can check that

(1.7.8) {f(z;)}72; is a Cauchy sequence in Y.

This is the first part of Exercise 11 at the end of Chapter 4 in [155]. If YV is
complete, then it follows that {f(z;)}72; converges in Y. If {z;}32, converges
to an element x of X, then continuity of f at  implies that {f(z;)}32; converges
to f(z)in Y.

1.8 Pointwise and uniform convergence

Let X be a set, and let (Y,dy(-,-)) be a metric space. Also let {f;}32; be a
sequence of mappings from X into Y, and let f be another mapping from X
into Y. We say that {f;}32, converges to f pointwise on X if for every z € X,
{fj(x)}32, converges to f(z) in Y. This means that for every z € X and € >0
there is a positive integer L such that

(1.8.1) dy (fj (@), f(x)) <€

for every j > L. We say that {f; 52, converges to f uniformly on X if for every
€ > 0 there is a positive integer L such that (1.8.1) holds for every z € X and
j > L. Note that uniform convergence implies pointwise convergence. If X has
only finitely many elements, and {f; }32, converges to f pointwise on X, then
one can check that {f; 524 converges to f uniformly on X.

As an example, let us take X to be the closed unit interval [0, 1] in the real
line, and Y = R with the standard metric. Put

(1.8.2) fi(x) =27
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for each positive integer j and 0 < 2 < 1. In this case,
(1.8.3) lim fj(z) = 0 when0<z<1
j*)OO

= 1 whenzxz=1.

However, {f;}52, does not converge uniformly on [0, 1], because for each positive
integer j we have that 27 is as close to 1 as we want when z is sufficiently close
to 1. If r is a positive real number with r < 1, then {f;}32, does converge to 0
uniformly on [0, r].

Now let (X, dx) be a metric space, and let (Y, dy) be a metric space again
too. Also let

(1.8.4) {f;i}721 be a sequence of mappings from X into Y’

that converges uniformly to a mapping f from X into Y,

and let x € X be given. If

(1.8.5) f; is continuous at x for every j > 1,
then
(1.8.6) f is continuous at x

as well. To see this, let € > 0 be given. Because { f; 521 converges uniformly to
fon X, there is an L € Z such that

(1.8.7) dy (fj(w), f(w)) <e€/3

for every j > L and w € X. In particular, this holds at z, so that

(1.8.8) dy (fj(x), f(z)) <€/3

for every j > L. Because fr, is continuous at x, there is a ; > 0 such that
(1.8.9) dy (fr(x), fr(w)) <e€/3

for every w € X with dx (z,w) < . Observe that

(1.8.10)  dy(f(z), f(w)) < dy(f(z), fo(x))+dy(fo(z), fo(w))
+dy (fr.(w), f(w))

for every w € X, by the triangle inequality. It follows that
(1.8.11) dy (f(z), f(w)) <e/3+¢€/3+¢€/3=c¢

for every w € X with dx(z,w) < dr, as desired.
Similarly, if {f; 521 is a sequence of uniformly continuous mappings from X
into Y that converges uniformly to a mapping f from X into Y, then

(1.8.12) f is uniformly continuous on X.
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As before, we let € > 0 be given, and let L be a positive integer such that
(1.8.8) holds for every 7 > L and w € X. In this case, the uniform continuity
of fr implies that there is a §r, > 0 such that (1.8.9) holds for every z,w € X
with dx (z,w) < dr. This implies that (1.8.11) holds for every z,w € X with
dx(z,w) < &1, as before.

Note that there are related statements about limits of functions at a given
point, instead of continuity at a point.

1.9 Bounded sets

Let (X,dx) be a metric space. If x € X and r is a positive real number, then
the open ball in X centered at x with radius r is defined as usual by

(1.9.1) B(z,r) = Bx(z,r) ={w € X : dx(z,w) < r}.
If 2/ is another element of X, then it is easy to see that
(1.9.2) B(z,r) C B(z',r +dx(z,2)),

using the triangle inequality. It is well known that open balls in X are open
sets.

A subset E of X is said to be bounded in X if there is an x € X and an
r > 0 such that
(1.9.3) E C B(x,r).

This implies that for every ' € X there is an ' > 0 such that
(1.9.4) E C B(2',r"),

because of (1.9.2). Of course, this condition implies the previous one when
X # (). To avoid minor technicalities, the empty set will be considered as a
bounded set even when X = ().

If K is a compact subset of X, then K is bounded in X. This is trivial when
X = (), because the empty set is automatically considered to be a bounded set,
and so we may suppose that X # ). If z is any element of X, then the collection
of open balls B(z,j) with j € Z is an open covering of K, because

oo
(1.9.5) U B(z.5) = X.

j=1
If K is compact, then there are finitely many positive integers ji,...,j, such
that

C=

(1.9.6) K | ) Bz, 5).

1

This implies that K C B(z,r), with r = max(j1,...,Jn)-
Note that subsets of bounded sets are bounded. Let E1,..., E, be finitely
many bounded subsets of X, and let us check that their union U?:I E; is

1
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bounded. As before, this is trivial when X = ), and so we may suppose that
X # (. If z is any element of X, then for each 7 = 1,...,n there is a positive
real number 7; such that

(197) Ej g B(.l?,’/‘j).

This implies that

(1.9.8) L_JlEj C Bz, max r;),
=

as desired.

If x € X and r is a nonnegative real number, then the closed ball in X
centered at x with radius r is defined by

(199) E(I7T) = EX(x7r) = {U} €X: dX(LL',w) < ’I"}.
If 2’ is another element of X, then
(1.9.10) B(z,7) C B(2',r + dx(z,2")),

as in (1.9.2). One can check that closed balls in X are closed sets.

If X # (0, then a subset F of X is bounded if and only if it is contained in
a closed ball in X. In this case, F is contained in a closed ball centered at any
point in X, as before. In particular, if E is bounded, then the closure E of E
in X is bounded too.

A sequence {z;}%2, of elements of X is said to be bounded in X if the set
of x;’s, j € Z,, is bounded in X. One can check that

(1.9.11) convergent sequences in X are bounded.
Similarly, one can verify that
(1.9.12) Cauchy sequences in X are bounded.

Totally bounded subsets of metric spaces are discussed in Section 4.2. In par-
ticular, compact sets are totally bounded, and totally bounded sets are bounded.

1.10 Some remarks and examples

Let n be a positive integer, and let E be a subset of R™ or C". If E is bounded
with respect to any of the metrics dy, ds, or d, defined in Sections 1.3 or 1.4, as
appropriate, then it is easy to see that F is bounded with respect to the other
two metrics, using the inequalities in Section 1.5. Similarly, if a sequence of
elements of R™ or C™ converges with respect to any of these three metrics, then
it converges with respect to the other two metrics, and with the same limit.
Let X be a nonempty set, and let E be a subset of ¢oo(X,R) or coo(X, C).
If F is bounded with respect to the metric do defined in Section 1.6, then F is
bounded with respect to do,. Similarly, if E is bounded with respect to d;, then
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FE is bounded with respect to do and ds.. If X has only finitely many elements,
and FE is bounded with respect to d, then F is bounded with respect to dy
and ds.

Let {f;}32; be a sequence of elements of cgo(X, R) or coo(X, C), and let f
be another element of the same space. If {f; }jo":1 converges to f with respect
to dz, then {f;}52; converges to f with respect to doo. If {f;}32; converges to
f with respect to di, then {f; 524 converges to f with respect to da and deo. If
X has only finitely many elements, and { f; };‘;1 converges to f with respect to
doo, then {f; 521 converges to f with respect to dy and ds.

One can check that {f; 521 converges to f with respect to de if and only
if {f; };";1 converges to f uniformly on X. This uses the standard metric on R
or C, as appropriate.

If z € X, then let §, be the real-valued function on X equal to 1 at x, and to
0 at every other element of X. It is easy to see that the collection of §,.’s, z € X,
is a basis for each of ¢op(X,R) and coo(X, C), as vector spaces over R and C,
respectively, if one is familiar with these notions from linear algebra. Basically,
this means that every element f of coo(X, R) or coo(X, C) can be expressed in a
unique way as a linear combination of the §,’s, z € X, with coefficients in R or
C, as appropriate. In fact, the coefficient of d, is equal to f(z) for each z € X.

Observe that

(1.10.1) 162111 = ll0zll2 = [10z]loc =1
for every x € X. If x,y € X and x # y, then

(1.10.2) 162 = dylls = 1,
(1.103) 16, =8l = 2,
(1.10.4) 10z —ylli = 2.

Let us now take X = Z_, and let §; be as before for each positive integer j.
It is easy to see that {d,}52, converges to 0 pointwise on Z . Note that {d;}52,
is bounded with respect to each of di, d2, and dw, and that {0;}52; does not
converge to 0 with respect to any of these three metrics.

Similarly, {j d,}72; converges to 0 pointwise on Z.. However,

(1.10.5) 17851l = 117 95ll2 = 115 6 llc0 = 3

for each j, so that {jd,}52, is not bounded with respect to di, da, or de.
If j € Z, then let f; be the real-valued function on Z, defined by

(1.10.6) fi) = 1 whenl<j
= 0 when!>j.

Observe that {f; 521 converges pointwise to the function equal to 1 everywhere
on Z;. One can check that {f; 521 does not converge uniformly on Z,. We
also have that

(1.10.7) Ifillo = 1,

(1.10.8) £l = V3,
(1.10.9) £

I
<.
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for every j.
If @ € R, then

(1.10.10) 157 fillw =37

for every j. This means that {j~*f; 521 1s bounded with respect to do exactly
when o > 0, and that {57 f; 521 converges to 0 with respect to dos exactly
when « > 0. Similarly,

(1.10.11) 157 fllo = 50/2 7

for every j, so that {j=* f; 521 1s bounded with respect to dy if and only
if @ > 1/2, and {j~“ f;}72, converges to 0 with respect to dz exactly when
a > 1/2. In the same way,

(1.10.12) 5= fillh =4

for every j, so that {j7° f; 72, is bounded with respect to d; if and only if
a>1,and {j=* f; 524 converges to 0 with respect to d if and only if o > 1.

1.11 Bounded functions

Let X be a set, and let (Y, dy) be a metric space. A mapping f from X into Y
is said to be bounded if

(1.11.1)  the image f(X) of X under f is a bounded subset of Y.

Let B(X,Y) be the space of bounded mappings from X into Y.

Let {f; };";1 be a sequence of bounded mappings from X into Y that con-
verges uniformly to a mapping f from X into Y. This implies that there is an
L € Z such that

(1.11.2) dy (fj (@), f(z)) <1

for every j > L and # € X. One can use this to check that
(1.11.3) f is bounded,

because f7, is bounded.
Suppose that X # @, and let f, g be bounded mappings from X into Y. It
is easy to see that

(1.11.4) dy (f(z),9(x))

is bounded as a nonnegative real-valued function of  on X, using the triangle
inequality. Put

(1.11.5) 0(f,9) = sup{dy (f(z),9(x)) : x € X}.
If f =g, then f(z) = g(z) for every x € X, so that
(1.11.6) dy (f(z),g(z)) =0

for every x € X, and hence
(L11.7) 0(f,9) =
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Conversely, if (1.11.7) holds, then (1.11.6) holds for every « € X, so that f(z) =
g(x) for every x € X, which means that f = g. We also have that

(1.11.8) 0(f,9) = 06(g, f),

because dy (f(x),g(x)) = dy(g(z), f(x)) for every z € X. If h is another
bounded mapping from X into Y, then

(1.11.9) dy (f(x), h(x)) dy (f(z),9(x)) + dy (g9(z), h(z))
0(f,g) +0(g,h)

IAIA

for every x € X. This implies that
(1.11.10) 0(f,h) <0(f,9)+0(g,h).

Thus (1.11.5) defines a metric on B(X,Y’), which is known as the supremum
metric.

Let {f; }‘;‘;1 be a sequence of bounded mappings from X into Y, and let f
be another bounded mapping from X into Y. If {f;}32, converges to f with
respect to the supremum metric, then for each € > 0 there is an L(e) € Z4 such
that

(1.11.11) 0(f, f) <e
for every j > L(e). Tt follows that
(1.11.12) dy (fj(z), f(z)) <e

for every j > L(e) and = € X, so that {f;}52; converges to f uniformly on X.

Conversely, if {f; };";1 converges to f uniformly on X, then for each ¢ > 0

there is an L'(e) € Z4 such that (1.11.12) holds for every j > L'(¢) and x € X.
This implies that

(111.13) 0(f;. 1) = sup{dy (f;(2), f(2)) s 2 € X} <

for every j > L’(¢), and hence that {f;}32; converges to f with respect to the
supremum metric.

1.12 Completeness of B(X,Y)

Let us continue with the same notation and hypotheses as in the previous sec-
tion. Suppose that

(1.12.1) Y is complete with respect to dy,
and let us check that

(1.12.2) B(X,Y) is complete with respect to the supremum metric.
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Let {f; };";1 be a sequence of bounded mappings from X into Y that is a
Cauchy sequence with respect to the supremum metric. This means that for
each € > 0 there is an L(e) € Z; such that

(1.12.3) 0(f;. fi) <e
for every j,1 > L(e). Thus
(1.12.4) dy (fj(@), fi(z)) <e

for every j,1 > L(¢) and x € X. In particular,

(1.12.5) {fi(z)}52, is a Cauchy sequence in Y

for every x € X. Because Y is complete,

(1.12.6) {fj(z)}52, converges in Y

for every z € X, and we put

(112.7) f(a) = Jim fy(o).

This defines a mapping f from X into Y, and one can check that

(1.12.8) dy (fi(z), f(z)) < €
for every j > L(¢) and z € X, using (1.12.4). Indeed,

(1129)  dy(f(@)f@) < dy(fy(e) hle) +dy (fila), F@)
< e+dy(filz), f(x))

for all j,I > L(e) and = € X, because of (1.12.4) and the triangle inequality.
This implies (1.12.8), because {fi(z)};°, converges to f(z) in Y.

It follows that {f; 521 converges to f uniformly on X, and hence that f is
bounded on X, as in the previous section. This implies that {f;}32; converges
to f with respect to the supremum metric, as before.

One can also verify that (1.12.2) implies (1.12.1). Indeed, every element of
Y corresponds to a constant function on X with values in Y. It is easy to see
that a Cauchy sequence in Y corresponds to a Cauchy sequence in B(X,Y") with
respect to the supremum metric in this way. If a sequence of constant mappings
from X to Y converges with respect to the supremum metric, then it converges
uniformly on X, and thus pointwise on X, and it is easy to see that the limit is
a constant mapping as well.

1.13 More on bounded functions

The spaces of bounded real and complex-valued functions on a empty set X are
also denoted
(1.13.1) (X, R) and (X, C),
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respectively. This implicitly uses the standard Euclidean metrics on R and C.
If f and g are bounded real or complex-valued functions on X, then it is easy
to see that

(1.13.2) f + g is bounded on X as well.

Similarly, if f is a bounded real or complex-valued function on X, and ¢ is a
real or complex number, as appropriate, then

(1.13.3) t f is bounded on X

too. Thus £>°(X,R) and ¢>°(X, C) are linear subspaces of the real and complex
vector spaces of all real and complex-valued functions on X, respectively.
If f is a bounded real or complex-valued function on X, then put

(1.13.4) [flloe = sup{|f(z)| : = € X}

Note that ||f||lcoc = 0 if and only if f =0 on X. If ¢t € R or C, as appropriate,
then one can check that

(1.13.5) £ Flloo = [t f]loo-

If g is another bounded real or complex-valued function on X, then

(1.13.6) [f(2) + g(@)] < [f(@)] + [g(@)] < [[flloo + llglloo

for every x € X. This implies that

(1.13.7) I1f + glloo < [[flloc + llglloo-

It follows that (1.13.4) defines a norm on each of £*° (X, R) and ¢*°(X, C), which
is known as the supremum norm. The corresponding metric

(1.13.8) doo (f,9) = IIf — 9ll

is the same as the supremum metric on these spaces, associated to the standard
Euclidean metric on R or C, as appropriate.

1.14 Continuous functions

Let (X,dx) and (Y,dy) be metric spaces, and let C'(X,Y) be the space of
continuous mappings from X into Y. Also let

(1.14.1) Cy(X,Y) = B(X,Y) N C(X,Y)

be the space of bounded continuous mappings from X into Y. If f is a continuous
mapping from X into Y and X is compact, then it is well known that f(X) is
compact in Y, so that f(X) is bounded in Y in particular. Thus Cp(X,Y) is
the same as C(X,Y) when X is compact.

Suppose that X # (@, so that the supremum metric can be defined on B(X,Y)
as in Section 1.11. Note that

(1.14.2) Cy(X,Y) is a closed set in B(X,Y),
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with respect to the supremum metric. More precisely, if {f; };";1 is a sequence
of bounded continuous mappings from X into Y that converges to a bounded
mapping f from X into Y with respect to the supremum metric, then we have
seen that { f; 521 converges to f uniformly on X, and hence that f is continuous
on X. Alternatively, if f € B(X,Y) is a limit point of Cp(X,Y") with respect
to the supremum metric, then one can show that f is continuous on X. This
is very similar to the argument used to show that uniform limits of continuous
mappings are continuous, as in Section 1.8.

Of course, Cy(X,Y) may be considered as a metric space, using the re-
striction of the supremum metric on B(X,Y) to Cp(X,Y). Suppose that Y is
complete with respect to dy, so that B(X,Y) is complete with respect to the
supremum metric, as in Section 1.12. Under these conditions, we get that

(1.14.3) Cy(X,Y) is complete as a metric space

with respect to the supremum metric, as in Section 1.7. This also uses (1.14.2).

Let us now take Y = R or C, with their standard Euclidean metrics. If f and
g are continuous real or complex-valued functions on X, then it is well known
that their sum f + g is continuous on X too. Similarly, if f is a continuous real
or complex-valued function on X, and t € R or C, as appropriate, then ¢ f is
continuous on X. This means that C(X,R) and C(X, C) are linear subspaces
of the real and complex vector spaces of all real and complex-valued functions
on X, respectively. We may also consider

(1.14.4) Cy(X,R) = £<(X,R) N C(X,R)
as a linear subspace of both ¢>°(X,R) and C(X,R), and
(1.14.5) Cp(X,C) =0>*(X,C)NC(X,C)
as a linear subspace of both ¢>°(X, C) and C(X, C).

1.15 Continuous functions on [0, 1]

In this section, we take X to be the closed unit interval [0,1] in the real line,
equipped with the restriction of the standard Euclidean metric on R to [0, 1].
It is well known that [0, 1] is compact as a subset of R, and thus as a subset of
itself. This means that every continuous real or complex-valued function f on
[0, 1] is bounded, as before.

A nonnegative real-valued function N on C([0, 1], R) or C([0, 1], C) is said to
be a norm if it satisfies the usual three conditions, as follows. First, N(f) =0 if
and only if f = 0. Second, if f is a continuous real or complex-valued function
on [0,1] and t € R or C, as appropriate, then

(1.15.1) N(tf)=[t| N(f).
Third, if f and g are continuous real or complex-valued functions on [0, 1], then

(1.15.2) N(f+9) <N(f)+ N(g).
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In this case,
(1.15.3) dn(f,9) =N(f —9)

defines a metric on C([0,1],R) or C([0,1],C), as appropriate. The supremum

norm (1.13.4) defines a norm on each of C([0, 1], R) and C(]0, 1], C), for which

the corresponding metric (1.13.8) is the supremum metric, as in Section 1.13.
If f is a continuous real or complex-valued function on [0, 1], then put

1
(1.15.4) 1]l = / (@) da.

More precisely, it is well known and not difficult to verify that |f(z)| is also
continuous on [0, 1], so that the Riemann integral on the right side of (1.15.4)
exists. If f(xp) # 0 for some 0 < 2y < 1, then

(1.15.5) [f(@)] = |f(z0)]/2>0

when 0 < z < 1 is sufficiently close to zg, because f is continuous at xg.
This implies that || f|1 > 0, so that (1.15.4) satisfies the first condition in the
definition of a norm. It is easy to see that (1.15.4) satisfies (1.15.1) and (1.15.2),
so that (1.15.4) defines a norm on C([0, 1], R) and C([0, 1], C).

Similarly, put
1 1/2
(1.15.6) 912 = ( [ 17(a)? do)
0

for every continuous real or complex-valued function f on [0,1]. One can check
that (1.15.6) is equal to 0 exactly when f = 0 on [0, 1], using the same type of
argument as in the preceding paragraph. It is easy to see that (1.15.6) satisfies
the homogeneity condition (1.15.1). If g is another continuous real or complex-
valued function on [0, 1], then it is well known that

(1.15.7) 1 gl < 1F 112 llgll2,

which is an integral version of the Cauchy—Schwarz inequality. This can be used
to show that (1.15.6) satisfies the triangle inequality (1.15.2), as usual, so that
(1.15.6) defines a norm on C([0, 1], R) and C([0, 1], C).

Clearly

(1.15.8) 111 1 ll2 < (1 f1loo

for every continuous real or complex-valued function f on [0,1]. One can can
also get that

(1.15.9) 11l < [1fll2,
using (1.15.7). Let

(1.15.10) di(f,9) =Ilf — gl
and

(1.15.11) d2(f,9) = Ilf = gll2
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be the metrics on C([0, 1], R) and C([0, 1], C) associated to (1.15.4) and (1.15.6)
as in (1.15.3), respectively. Using (1.15.8) and (1.15.9), we get that

(1.15.12) di(f,9) < d2(f,9) < dso(f,9)

for all continuous real and complex-valued functions f and g on [0, 1].

It follows that the identity mappings on C([0, 1], R) and C([0, 1], C) are Lips-
chitz with respect to da(f, g) on the domain and d; (f, g) on the range. Similarly,
the identity mappings on C([0, 1], R) and C([0, 1], C) are Lipschitz with respect
to doo (f, g) on the domain and da(f, g) on the range. The identity mappings on
C([0,1],R) and C([0,1],C) are also Lipschitz with respect to d(f,g) on the
domain and d;(f, g) on the range.



Chapter 2

Basic ¢! and ¢? spaces

This chapter deals with classical ¢! and ¢? spaces, of absolutely summable and
square-summable sequences of real or complex numbers, respectively. We also
consider ¢y spaces of real or complex-valued functions on arbitrary nonempty
sets that vanish at infinity. Sums over arbitrary nonempty sets and correspond-
ing £, 2 spaces will be discussed in Chapter 11.

2.1 Infinite series

Remember that an infinite series

(2.1.1) iaj

of real or complex numbers is said to converge if the corresponding sequence of

partial sums
n

(2.1.2) > a

j=1

converges with respect to the standard Euclidean metric on R or C, as appro-
priate. Of course, the value of the sum (2.1.1) is defined to be the limit of the
sequence of partial sums (2.1.2) in this case. If (2.1.1) converges, and if Zj‘;l b;
is another convergent series of real or complex numbers, as appropriate, then

> =1 (aj +bj) converges, with

(oo}

(2.1.3) (a; +b) = a;+ > b
j=1 j=1

j=1

This reduces to the corresponding statement for sums of convergent sequences of
real or complex numbers, applied to the partial sums of these series. Similarly,

23
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if (2.1.1) converges, and t € R or C, as appropriate, then Z;’il ta; converges,
with

oo o0
(2.1.4) > taj =ty aj
j=1 j=1

If a; is a nonnegative real number for each j > 1, then the partial sums
(2.1.2) increase monotonically. It is well known that a monotonically increasing
sequence of real numbers converges with respect to the standard Euclidean
metric on R if and only if the sequence has an upper bound in R, in which
case the sequence converges to the supremum of the set of its terms. If a; is
a nonnegative real number for each j, but the partial sums (2.1.2) do not have
an upper bound in R, then it is sometimes convenient to consider the value of
the sum (2.1.1) to be +o00. Note that the partial sums (2.1.2) tend to +oo as
n — oo in this situation. If a; and b; are nonnegative real numbers for each
j > 1, then one can check that (2.1.3) holds, where the right side of (2.1.3)
is considered to be 400 when either of the individual sums is +o00. Similarly,
(2.1.4) holds for every positive real number ¢, where the right side is considered
to be 400 when (2.1.1) is +o00. If a; and b; are nonnegative real numbers with

(2.1.5) a; S bj

for every j > 1, then
(2.1.6) > a; <N by,
j=1 j=1

which is trivial when the right side if +o0.
An infinite series (2.1.1) of real or complex numbers is said to converge
absolutely if

(2.1.7) >yl
j=1

converges as an infinite series of nonnegative real numbers. This means that
(2.1.7) is finite, in terms of the conventions for sums of nonnegative real numbers
mentioned in the previous paragraph. If (2.1.1) converges absolutely, then it is
well known that (2.1.1) converges in the usual sense. One can also check that

(2.1.8) > ai| <Y ayl
j=1 j=1

under these conditions. This uses the fact that

(2.1.9) > aj| <>l
=1 j=1

for every positive integer n, by the triangle inequality.

If (2.1.1) converges, then it is well known that {a;}32; converges to 0 as a
sequence of real or complex numbers, as appropriate. In particular, this holds
when (2.1.1) converges absolutely.
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2.2 Basic /' spaces

Let /1(Z,,R) be the space of real-valued functions f on the set Z of positive
integers such that

(221) 171 =1 ()

is finite, which is to say that the right side converges as an infinite series of non-
negative real numbers. Similarly, let ¢!(Z,, C) be the space of complex-valued
functions f on Z, such that (2.2.1) is finite. In both cases, the convergence of
the series on the right side of (2.2.1) implies that

(2.2.2) lim f(j) =0,
J‘)OO
as mentioned in the previous section.

If f el (Zy,R) or (1(Z,,C), then (2.2.1) is a nonnegative real number,
which is equal to 0 exactly when f(j) =0 for every j € Z,. If t € R or C, as
appropriate, then ¢ f(j) defines another real or complex-valued function on Z,
as appropriate, and

(2.2.3) 1Efl =Y 1t £ = 1t 11f -
j=1

In particular, ¢t f € ¢*(Z,,R) or ¢*(Z,,C), as appropriate.
Let g be another element of /}(Z,,R) or ¢}(Z,C), as appropriate. Thus
f + g is a real or complex-valued function on Z , as appropriate, and

(2:24) If +gli =D 1FG) + () < Z(If(j)l + gD = [1£1 + Nlgllx-

Jj=1

This implies that f + g € (1(Z,,R) or ¢(Z,,C), as appropriate. Hence
M(Z,,R) and ¢(Z,,C) are linear subspaces of the real and complex vector
spaces of all real and complex-valued functions on Z, respectively.

This means that ¢1(Z, R) and ¢*(Z, , C) are vector spaces over the real and
complex numbers, respectively, with respect to pointwise addition and scalar
multiplication. We also get that (2.2.1) defines a norm on each of these spaces,
by the remarks in the preceding paragraphs. Using (2.2.3) and (2.2.4), one can
check that

(2.2.5) di(f.9) = IIf — gl

defines a metric on each of ¢*(Z,,R) and ¢}(Z.,C), as usual.
If fel(Zy,R) or {}(Z,,C), then

(2.2.6) >0

Jj=1
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converges as an infinite series of real or complex numbers, as in the previous
section. If g is another element of ¢!(Z,R) or /}(Z,, C), as appropriate, then

220 S50 -3 ali)

Jj=1

IA
[]#
=
—
.
N—
|
<«
—~
.
-
I
=
|
o
_

using (2.1.8) in the second step. This implies that the mapping from f to the
sum (2.2.6) is uniformly continuous as a mapping from ¢*(Z,,R) or ¢*(Z, C)
into R or C, respectively, using the £* metric (2.2.5) on /(Z,,R) or /(Z,C),
and the standard Euclidean metric on R or C.

If f € ¢1(Z,,R)or (}(Z,,C), then it is easy to see directly that f is bounded
on Z,, with

(2.2.8) [flloe < IF11-

Here ||f|lo is the supremum norm of f on Zy, as in (1.13.4). If g is another
element of /(Z,,R) or (}(Z,,C), as appropriate, then we get that

where doo(f,g) is the supremum metric for bounded real or complex-valued
functions on Z, as in (1.13.8).

Remember that coo(Z4,R), coo(Z4, C) are the spaces of real and complex-
valued functions on Z, with finite support, respectively, as in Section 1.6.
Clearly
(2210) 600(Z+,R) g EI(Z_F,R), Coo(Z+,C) Q gl(Z_HC),

since an infinite series automatically converges when all but finitely many terms
are equal to 0. One can also check that coo(Z,R) and coo(Z, C) are dense
subsets of /1(Z,R) and ¢!(Z, C), respectively, with respect to the ¢! metric
(2.2.5).

2.3 Basic (2 spaces

Let (*(Z4,R) and /%(Z, C) be the spaces of real and complex-valued functions
f on Z, such that

(2.3.1) Z IFG)P

converges as an infinite series of nonnegative real numbers, respectively. In both
cases, we put

2.3.2) 712 = (Xl ",
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using the nonnegative square root on the right side. Note that this is equal to
0 if and only if f(j) = 0 for every j > 1. The convergence of the series (2.3.1)
implies that

(2.3.3) lim |f(5)]* =0,

Jj—oo

and hence that f(j) — 0 as j — oo.
Let f € ¢*(Z,,R) or (>(Z,,C) be given. If t € R or C, as appropriate,
then

(234) SO =1 3 IFOF

and in particular the series on the left converges. This means that t f is an
element of (?(Z,,R) or £*(Z,,C), as appropriate, with

(2.3.5) 1££ll2 = [El[].f[]2-

If @ and b are nonnegative real numbers, then it is well known that
Lo o 1o
(2.3.6) abgi(a +b),

because 0 < (a — b)? = a® — 2ab + b%. Suppose that g is another element of
(*(Z,,R) or *(Z,,C), as appropriate. Using (2.3.6), we get that

(2:3.7) FDHgG < 5 AFGDE +19G))

l\DM—A

for every j € Z,. Hence

>0 < Z% P +19G)P)
j=1 j=1
(2:38) = 2 WGP+ 5 SleG)P = 5 113+ 5 ol
=1 =1

In particular, the series on the left converges, so that fg € (*(Z,,R) or
?1(Z,C), as appropriate.
In fact, we have that

(2.3.9) Zlf(j)l 9@ < N1£1l2 llgll2

under these conditions, which is another version of the Cauchy—Schwarz inequal-
ity. This follows from (2.3.8) when || f]l2 = |lgll2 = 1, and otherwise one can
reduce to that case using (2.3.5).

Observe that

(2:3.10) [£(5) + 9(N)I* < (LF (D] + 19 (i)

)2 IO+ 21D + g1
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for every j > 1, so that
(23.11) DG + 91> < D IFOPF+2 D 1F G )+ 191>
j=1 j=1 j=1 j=1

This implies that the series on the left converges, so that f + g € ¢*(Z,,R) or
(*(Z,C), as appropriate. Combining (2.3.9) and (2.3.11), we get that

(2:312) I +gl3 < 113+ 20 fl12 lgll2 + llgll3 = (I£1l2 + llgll2)?,

so that
(2.3.13) £ +gll2 < 1 fll2+ [lgll2-

This shows that ¢2(Z,,R) and ¢*(Z,,C) are linear subspaces of the real
and complex vector spaces of all real and complex-valued functions on Z.,

respectively. We also get that (2.3.2) defines a norm on each of /?(Z,,R) and
(*(Z,,C), by (2.3.5) and (2.3.13). It follows that

(2.3.14) d2(f,9) = IIf — 9l

defines a metric on each of /2(Z,,R) and ¢%(Z,,C), as usual.
If f € (*(Z,,R) or *(Z,,C), then one can check directly that f is bounded
on Z,, with

(2.3.15) [flloe < IIfl2-

If g is another element of ¢?(Z,,R) or ¢*(Z,,C), as appropriate, then we get
that

(2.3.16) doo(f,9) < da(f, 9).
Suppose now that f € ¢*(Z,,R) or {*(Z,,C). Observe that

oo

2317 DGO < Uflo Y_IFDI=1f Do [1£11 < 11,

j=1 j=1
using (2.2.8) in the third step. This implies that f € ¢?(Z,,R) or (*(Z,C),
as appropriate, with

(2.3.18) 1fll2 < [1f 1l

In particular, we get that
(2.3.19) ("(Z,R) C *(Z,,R), (Y(Z,,C)C(*(Z.,C).

If g is another element of /1 (Z,R) or /1(Z, C), as appropriate, then it follows
that

(2.3.20) da(f,9) < di(f,9)-

If f is a real or complex-valued function on Z, with finite support, then f
is clearly an element of £2(Z,R) or £?>(Z,C), as appropriate. One can verify
that coo(Z, R) and coo(Z, C) are dense subsets of ?(Z,,R) and (?(Z,C),
respectively, with respect to the £2 metric (2.3.14).
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2.4 Completeness of ¢!, (>

Let {fi}72, be a sequence of elements of ¢!(Z4,R) or £!(Z,,C), and suppose
that the f;’s have bounded ¢! norms, so that there is a nonnegative real number
C} such that

(2.4.1) Dol <G

for every I > 1. Suppose also that {f;}7°, converges to a real or complex-valued
function f pointwise on Z,, as appropriate. Let us verify that f € ¢1(Z,,R)
or (1(Z,,C), as appropriate, with

(24.2) SIFG)] < O
j=1

If n e Zy, then
4. | = 1 | <
(243) 31701 = i 310 < O

using pointwise convergence in the first step, and (2.4.1) in the second step.
This implies (2.4.2), since this estimate holds for all n > 1.

We would like to show that ¢!(Z,,R) and ¢*(Z,, C) are complete with re-
spect to the /! metric (2.2.5). Let {f;}72, be a sequence of elements of /! (Z,,R)
or {1(Zy,C) that is a Cauchy sequence with respect to (2.2.5). This implies
that for every e > 0 there is a positive integer L(e) such that

(2.4.4) Z [fe() = fiD = fe = fillh <€

for all k,1 > L(e). Hence
(2.4.5) [fe(G) — fi(G)] <e

for every j € Z, when k,l > L(e). This means that {f;(j)}2, is a Cauchy
sequence of real or complex numbers, as appropriate, for every j € Z,, and
with respect to the standard Euclidean metric on R or C. Remember that R
and C are complete as metric spaces with respect to their standard Euclidean
metrics. It follows that {f;(j)};2, converges in R or C, as appropriate, for every
J € Z, with respect to the standard Euclidean metric. Thus

(2.4.6) F(G) = Jim fi(5)

defines a real or complex-valued function on Z, as appropriate. We would like
to check that Y 7%, [f(j)| converges, so that f is an element of ¢*(Zy,R) or
(*(Z,,C), as appropriate. We would also like to verify that {f;}72, converges
to f with respect to the £ metric.

Let € > 0 and I > L(e) be given. Note that {fi — S} (o 18 a sequence

of elements of ¢*(Z,,R) or {*(Z,,C), as appropriate, that converges to f — f;
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pointwise on Z . The remarks at the beginning of the section imply that f— f;
is an element of ¢*(Z,,R) or ¢}(Z,,C), as appropriate, with

(2.4.7) If = fillh = Z 1fG) = L) < e

because of (2.4.4). Hence f € ¢*(Z,R) or ¢}(Z,,C), as appropriate, because
of the corresponding property of fi. It is easy to see that {f;}7°, converges to
f with respect to the ¢' metric, because (2.4.7) holds for every [ > L(e).

Now let {f;}7°, be a sequence of elements of ¢*(Z,,R) or (*(Z;,C) with
bounded ¢? norms, so that
(2.4.8) 1fill2 < s

for some Cs > 0 and every | > 1. This is the same as saying that
(2.4.9) YA <Cs
j=1

for every I > 1. Suppose that {f;}7°; also converges pointwise to a real or
complex-valued function f on Z,, which implies that {|f;|*}72, converges to
| f|? pointwise on Z, too. It follows that

oo

(2.4.10) DG < s,

j=1

by the remarks at the beginning of the section, applied to {|f;|?}72,. This means
that f € (>(Z,,R) or £*(Z,,C), as appropriate, with

(2.4.11) [ fll2 < Ca.

Using this, one can show that ¢(Z,,R) and ¢?(Z,,C) are complete with re-
spect to the ¢? metric (2.3.14). The argument is similar to the previous one for
MZ,,R), (1(Zy,C).

2.5 Vanishing at infinity

Let X be a nonempty set, and let f be a real or complex-valued function on X.
We say that f wvanishes at infinity on X if for every € > 0,

(2.5.1) |f(x)] <e
for all but finitely many =z € X. Equivalently, this means that for each € > 0,
(2.5.2) E(f)={zeX:|f(x)]>¢€}

has only finitely many elements. Let ¢o(X,R) and ¢o(X,C) be the spaces
of real and complex-valued functions on X that vanish at infinity, respectively.
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Remember that cop(X, R) and coo(X, C) denote the spaces of real and complex-
valued functions f on X such that the support of f has only finitely many
elements, respectively, as in Section 1.6. In this case, f automatically vanishes
at infinity on X, so that

(2.5.3) COQ(X, R) g C()()(7 R), Coo(X, C) g Co(X, C)

In particular, if X has only finitely many elements, then every real or complex-
valued function on X vanishes at infinity.

If f is a real or complex-valued function on the set Z, of positive integers,
then f vanishes at infinity on Z if and only if

(2.5.4) lim f(5)=0.

Jj—o0
Let X be any nonempty set again, and let {z;}32; be an infinite sequence of
distinct elements of X. Also let f be a real or complex-valued function on X,
and suppose that the support of f is contained in the set of x;’s, j € Z,. Under
these conditions, f vanishes at infinity on X if and only if

(2.5.5) lim f(z;) =0.
j—o0
Let f be any real or complex-valued function on X, and remember that the
support of f is the set of x € X such that f(z) # 0. Equivalently,

(2.5.6) supp f = U El/n(f)7

n=1

where Ey/,(f) is as in (2.5.2). If f vanishes at infinity on X, then it follows
that the support of f has only finitely or countably many elements.

If f is a real or complex-valued function on X that vanishes at infinity, then
it is easy to see that f is bounded on X. In fact, we have that

(25.7) |1l = mase | (2)],

which is to say that the maximum on the right is attained. Of course, this is
trivial when f =0 on X. Otherwise, if f(zo) # 0 for some xg € X, then there
are only finitely many = € X such that |f(z)| > |f(zo)|- In this case, it suffices
to take the maximum of |f(x)| over this finite set.

Thus
(2.5.8) co(X,R) CL°(X,R), co(X,C)Cl™(X,C).

If g is another real or complex-valued function on X that vanishes at infinity,
then one can check that f + g vanishes at infinity on X as well. Similarly, if
t € R or C, as appropriate, then ¢ f vanishes at infinity on X. This means
that ¢o(X,R) and ¢g(X,C) are linear subspaces of ¢>°(X,R) and ¢*(X, C),
respectively.
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Let f be a bounded real or complex-valued function on X. Suppose that f
is a limit point of ¢o(X,R) or ¢o(X, C) in £°(X,R) or £>°(X, C), respectively,
with respect to the supremum metric. We would like to verify that f also
vanishes at infinity on X in this case. Let € > 0 be given. By hypothesis, there
is a real or complex-valued function g on X, as appropriate, such that g vanishes
at infinity on X, and

(2.5.9) 1f = glloc <e/2.
This implies that

(2.5.10)  [f(@)| < lg(@)[ + [f(2) —g(@)] < lg(@)| + [[f = glloe < lg(2)]+€/2

for every x € X. Of course, |g(z)| < €/2 for all but finitely many = € X, because
g vanishes at infinity on X. It follows that

(2.5.11) [f(@)]| <e/2+¢/2=c¢

for all but finitely many x € X, as desired.

This shows that ¢o(X,R) and ¢o(X,C) are closed sets in £*°(X,R) and
(X, C), respectively, with respect to the supremum metric. As a slightly
different version of this, let {f; 521 be a sequence of real or complex-valued
functions on X that vanish at infinity and converge uniformly to a real or
complex-valued function f on X, as appropriate. Under these conditions, f
vanishes at infinity on X too. This can be obtained from the previous statement,
or using the same argument as in the preceding paragraph.

Let f be a real or complex-valued function on X that vanishes at infinity, and
let € > 0 be given. Let f, be the real or complex-valued function, as appropriate,
defined on X by

(2.5.12) fe(x) = f(xr) when |f(z)| > €
0 when |f(z)| < e.

Note that f. has finite support in X, because f vanishes at infinity on X. By
construction,

(2.5.13) 1f = felle <6,

where the strict inequality uses the hypothesis that f vanish at infinity on X
again. This shows that coo(X,R) and cpo(X, C) are dense in co(X,R) and
co(X, C), respectively, with respect to the supremum metric.



Chapter 3

Some more metric spaces

3.1 Functions on intervals

Let a, b be real numbers with a < b, and let
(3.1.1) [a,b) ={z €eR:a <z <b}

be the usual closed interval in the real line from a to b. It is well known that
[a,b] is compact with respect to the standard metric on R. As in Section 1.14,
C([a,b],R) and C(]a, b], C) are the spaces of continuous real and complex-valued
functions on [a, b]. This uses the restriction of the standard metric on R to [a, b,
and the standard Euclidean metrics on R and C, as appropriate. As before,
these spaces are linear subspaces of the real and complex vector spaces of all
real and complex-valued functions on [a, b], as appropriate.

As usual, a nonnegative real-valued function N on C([a, b],R) or C([a,b], C)
is said to be a norm if it satisfies the following three conditions. First, N(f) =0
if and only if f = 0. Second, if f is a continuous real or complex-valued function
on [a,b] and t € R of C, as appropriate, then

(3.1.2) N(tf)=[tIN(f).

Third, if f and g are continuous real or complex-valued functions on [a,b], as
appropriate, then

(3.1.3) N(f+g) < N(f)+ N(g).
In this case,
(3.1.4) dn(f,9) = N(f —9)

defines a metric on C([a,b],R) or C([a,b],C), as appropriate.

Remember that continuous real and complex-valued functions on [a,b] are
bounded, because [a,b] is compact. The supremum norm is defined on each of
C([a,b],R) and C(]a,b],C) by

(3.1.5) 1flloo = iugblf(w)l,

33
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as in (1.13.4). Note that the supremum is attained in this situation, because of
the extreme value theorem. The corresponding metric

(3.1.6) doo(f:9) = If — 9glles

is the same as the supremum metric, as before.
If f is a continuous real or complex-valued function on [a, b], then put

b
(3.1.7) 1]l = / ()| de,

using the standard Riemann integral on the right side. This is the same as
(1.15.4) in the case of the unit interval in R. As before, one can check that
(3.1.7) defines a norm on each of C([a,b],R) and C([a,b], C). Let

b
(3.18) di(f,9)=f —glh = / (@) - g(x)| da

be the metric associated to (3.1.7) on each of C([a,b],R) and C([a,b], C).
If f is a continuous real or complex-valued function on [a, b], then

b
(3.1.9) [1£1l =/ [f(z)]dz < (b= a) [ floc-

Hence
(3.1.10)  di(f,9) =11f =gl <@ —=a)llf = glloc = (b —a) duo(f,9)

for all real or complex-valued continuous functions f and g on [a,b]. This
implies that the identity mappings on C([a,b],R) and C([a,b], C) are Lipschitz
with respect to doo(f, g) on the domain and d;(f, g) on the range.

3.2 The square norm

Let a, b be real numbers with a < b again. Put

(321) = ([ 1) ”

for each continuous real or complex-valued continuous function f on [a, b], using
the nonnegative square root on the right side, as usual. Note that this is the
same as (1.15.6) in the case of the unit interval. It is easy to see that this sat-
isfies the homogeneity and positivity requirements of a norm, as before. To get
the triangle inequality, one can use an integral version of the Cauchy—Schwarz
inequality, as follows.

Let f, g be continuous real or complex-valued functions on [a,b]. Observe
that

(322) @l lo@) < 3 1F@P + 5 lo()P
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for every a < x < b, as in (2.3.6). This implies that

b b b
(3.2.3) ‘/If@OHMmﬂir < %t/lf@ﬁfdx+% /|g@M%m

1 1
5 1713+ 5 lgl3

Using this, we can get that

b
(3.2.4) / [f (@)l g(@) dz <[ f]l2 llgll2;

which is the integral version of the Cauchy—Schwarz inequality mentioned in the

preceding paragraph. More precisely, (3.2.4) follows from (3.2.3) when ||f||2 =

llgllz = 1. If || fll2, llgllz > O, then one can reduce to the previous case, using

scalar multiplication. Otherwise, (3.2.4) is trivial when f =0 or ¢ = 0 on [a, b].
Clearly

b
I+ gl /|ﬂm+guwdm

b
(3.2.5) < /<vmn+mmm%m

b b b
/nLﬂxHde+2l/ ucngQMdz+l/ l9(a)? de.
It follows that

(326)  [If +gl3 < IfI3+ 2012 lgll2 + llgllz = (1F1l2 + llgll2)?,

using (3.2.4) in the first step. Thus

(3.2.7) If + gllz < Ifll2 + llgll2,

so that (3.2.1) defines a norm on each of C([a,b],R) and C([a,b],C). The
associated metric is given by

b 1/2
B28) ()= I —gle= ([ 7@ - gtPar) "

If f is a continuous real or complex-valued function on [a, b], then

b
(3.2.9) Hf||§:/ (@) dz < (b—a) | f]%-

Equivalently,
(3.2.10) I£ll2 < (0= a)"? || f]loo-

This implies that
(3.2.11) da(f,9) < (b—a)'?dwo(f.9)
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for all real or complex-valued continuous functions f and g on [a, b]. In partic-
ular, the identity mappings on C([a,b],R) and C([a,b], C) are Lipschitz with
respect to deo (f, g) on the domain and da(f, g) on the range.

Observe that

b
(32.12) 1 = / F@)] de < (b— )2 | £z

for every continuous real or complex-valued function f on [a,b], by (3.2.4).
Hence
(32.13) d(f.9) < (b= )" dx(f,9)

for all continuous real or complex-valued functions f and g on [a,b]. It follows
that the identity mappings on C([a,b],R) and C([a,b],C) are Lipschitz with
respect to da(f, g) on the domain and d;(f, g) on the range.

3.3 Riemann—Stieltjes integrals

Let a, b be real numbers with a < b, and let a be a monotonically increasing
real-valued function on [a,b]. If f is a continuous real-valued function on [a, ],
then the corresponding Riemann-—Stieltjes integral

(3.3.1) /ab fda = /ab f(z) do()

can be defined as a real number in a natural way. This reduces to the ordinary
Riemann integral of f on [a,b] when a(z) = x for every z € [a, b].

To be a bit more precise, let P = {t; }ézo be a partition of [a,b]. This is a
finite sequence of real numbers with

(3.3.2) a=tg<t1 <---<ti_1<t;=0b,

as usual. In the definition of the Riemann integral, one considers certain sums
associated to such a partition, involving the values of f on each interval [t;_1,%;],
and the length of the interval. In the definition of the Riemann—Stieltjes integral,
one considers sums of a similar type, but using

(333) Oé(tj) — Ol(tj_l)

instead of the length of [t;_1,t;]. Note that (3.3.3) is greater than or equal to
0 for each j, and that

(3.3.4) (alt;) — alt;—1)) = a(b) - ala).

1

1
i=
Riemann—Stieltjes integrals are discussed in many textbooks, as well as the
article [86]. See [28] for a geometric interpretation of the Riemann—Stieltjes

integral, and [153, 177] for some variants of the Riemann-Stieltjes integral.
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The Riemann—Stieltjes integral has many of the same properties as the Rie-
mann integral. In particular, (3.3.1) is greater than or equal to 0 when f > 0
on [a,b]. In this case, if f(xg) > 0 for some z( € [a,b], and if « is not constant
near xo, then (3.3.1) is positive. If « is strictly increasing on [a,b], then this
works for any zg € [a,b]. If « is constant on [a, b], then (3.3.1) is equal to 0 for
any function f on [a,b].

If v is continuously-differentiable on [a, b], then it is well known that

b b
(3.3.5) /f(m)da(x):/ f(z)d/(z) dz.

In fact, this works when « is differentiable at every point in [a,b], and its
derivative o’ is Riemann integrable on [a, b]. Although monotonically increasing
functions on [a, b] are not necessarily continuous, it is well known that their only
possible discontinuities are jump discontinuities. It is also well known that such
a function can have only finitely or countably many discontinuities in [a, b]. It is
interesting to consider the Riemann—Stieltjes integral when « is a monotonically
increasing step function on [a, b], for instance.

It is well known that the Riemann integral of a bounded real-valued function
f on [a,b] can be defined when f is Riemann integrable on [a, b], in a suitable
sense, which includes the case where f is continuous on [a, b]. Similarly, (3.3.1)
can be defined when f is Riemann—Stieltjes integrable on [a,b] with respect to
«, in a suitable sense, which includes the case when f is continuous on [a, b]. If f
is a complex-valued function on [a, b], then one can consider the corresponding
integrability properties of the real and imaginary parts of f. If the real and
imaginary parts of f are Riemann—Stieltjes integrable on [a,b] with respect to
«, then one can define the Riemann—Stieltjes integral of f as a complex num-
ber, whose real and imaginary parts are the corresponding Riemann—Stieltjes
integrals of the real and imaginary parts of f. In particular, this works when f
is continuous on [a, b].

3.4 Riemann—Stieltjes integrals and seminorms
Let a, b be real numbers with @ < b, and let N be a nonnegative real-valued

function on C([a,b],R) or C([a,b],C). As in Section A.6, N is said to be a
seminorm if

(3.4.1) N(tf) = [tIN(f)
and
(3.4.2) N(f+g) < N(f)+ N(g)

for every f,g € C([a,b],R) or C([a,b],C) and t € R or C, as appropriate. In this
case, N(0) = 0, by taking ¢ = 0 in (3.4.1). If we also have that N(f) > 0 when
f#0on [a,b], then N is a norm on C([a,b],R) or C([a,b],C), as appropriate.
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Let o be a monotonically increasing real-valued function on [a,b]. If f is a
continuous real or complex-valued function on [a, b], then

(3.4.3) I

b
La=/|ﬂwmmm

is defined as a nonnegative real number, as in the previous section. Of course,
this is the same as (3.1.7) when a(z) = z on [a, b]. It is easy to see that

(3.4.4) [t fllv,a = [t

and
(3.4.5) 1f + gll.a < I flla + lgllha

for all continuous real or complex-valued functions f and g on [a,b] and t € R
or C, as appropriate. Thus (3.4.3) defines a seminorm on each of C([a,b],R)
and C([a,b], C).

If « is strictly increasing on [a,b], and if f is a continuous real or complex-
valued function on [a, b] such that f(z¢) # 0 for some zy € [a, b], then one can
check that (3.4.3) is positive, as before. This implies that (3.4.3) defines a norm
on each of C([a,b],R) and C([a,b],C) in this case. It follows that

(3.4.6) dio(f,9) = f —9lha

defines a metric on each of C([a,b],R) and C([a,b], C) under these conditions.
If f, g are continuous real or complex-valued function on [a, b], then

/abfda/:gda /ab(fg>da

b
/If—gMaZHf—g

1,

(3.4.7)

IN

1,a5

using basic properties of the Riemann—Stieltjes integral in the first two steps.
Suppose for the moment that « is strictly increasing on [a,b]. It follows from
(3.4.7) that

b
(3.4.8) fs / fda

is Lipschitz as a mapping from C([a,b],R) or C([a,b],C) into R or C, as ap-
propriate, with respect to (3.4.6) on the domain and the standard Euclidean
metric on the range.

If f is a continuous real or complex-valued function on [a, b, then

(3.4.9) [fll1.0 < ((b) — (@) [[ flloo>

where ||f||co is the supremum norm of f on [a,b], as in (3.1.5). Combining
(3.4.7) and (3.4.9), we get that

b b
/ fda—/ gda

(3.4.10)

< (a(b) —a(a) [If = gllo,
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for all continuous real or complex-valued functions f, g on [a,b]. This implies
that (3.4.8) is Lipschitz as a mapping from C([a,b], R) or C([a,b], C) into R or
C, as appropriate, with respect to the supremum metric on the domain and the
standard Euclidean metric on the range.

Let {f;j}52, be a sequence of real or complex-valued functions on [a, b] that
converges uniformly to a real or complex-valued function f on [a,b], as appro-
priate. If f; is continuous on [a,b] for each j, then f is continuous on [a,b],
and
(3.4.11) lfi — flli,a — 0 as j — oo,

by (3.4.9). This means that {f;}32; converges to f with respect to (3.4.6) when
« is strictly increasing on [a, b]. We also get that

b b
(3.4.12) Jim [ f(@)daa) = [ f@)dato)
by (3.4.10).

More precisely, if f; is Riemann-Stieltjes integrable on [a,b] with respect
to « for each j, then it is well known that f is Riemann-Stieltjes integrable
on [a,b] with respect to o too. In this case, (3.4.12) holds for essentially the
same reasons as before. Similarly, one can define (3.4.3) for Riemann—Stieltjes
integrable functions on [a, b] with respect to a, and (3.4.11) holds as well.

3.5 Square seminorms

Let a, b be real numbers with a < b, and let & be a monotonically increasing real-
valued function on [a,b]. If f is a continuous real or complex-valued function

on [a,b], then .
o= ( [ 17@)P data)

(3.5.1) I f
is defined as a nonnegative real number. This reduces to (3.2.1) when a(z) =«
on [a, b], as before. Note that

(3.52) [t fll2,0 = [£] [I.f]

for every t € R or C, as appropriate.
Let g be another continuous real or complex-valued function on [a,b]. Ob-
serve that

b b b
[ ir@ls@ldat) < 5 [ lr@Fda@ +5 [ lo@P dot)
)

2,

A

(3.5.3

1 1
= 5 ”.f”g,a + 5 Hg %,ow

using (3.2.2) in the first step. In particular,

b
(3.5.4) / (@) lg(@)| da(z) < 1
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when |[fll2.q, [lg/l2.0 < 1.
Let f, g be arbitrary continuous real or complex-valued functions on [a, b],
and let 7, ¢ be positive real numbers such that

(3.5.5) 1f]
Thus |77 fll2,a, [t gll2.a <1, so that

20 <7 lgll2a <t

b
(3.5.6) [ @i gl daga) < 1.

Equivalently, this means that

b
(3.5.7) [ 5@l data) < rt.

One can use this to get that

b
(3.5.8) / |f (@) lg(x)[da(z) < |[fll2.a 920

which is the integral version of the Cauchy—Schwarz inequality for Riemann—
Stieltjes integrals on [a, b].
As in Section 3.2, one can show that

(3.5.9) If +9ll2e < IIf

using (3.5.8). This implies that (3.5.1) defines a seminorm on each of C([a, b], R)
and C([a,b], C). If « is strictly increasing on [a, b], and if f is a continuous real
or complex-valued function on [a,b] that is not equal to 0 everywhere on [a, b],
then one can verify that (3.5.1) is positive, as usual. In this case, (3.5.1) defines
a norm on each of C([a,b],R) and C(]a,b], C). Thus

(3.5.10) d2,a(f,9) = If = 9ll2.a

defines a metric on each of these spaces in this situation.
Observe that

(3:5.11) 1£llz.0 < (a(d) = a(a))?[|f ]l

for every continuous real or complex-valued function f on [a,b]. Of course, this
implies that

2.0 1 [l9ll2.0;

(35.12) 17 = gllz < (@(b) = a(@) 2] — gl

for all continuous real or complex-valued functions f, g on [a,b]. Similarly,
(3.5.13) 1£lla < (@(d) = a(@)2[If 2,

by (3.5.8). It follows that

(3.5.14) 1f = gllta < (a(b) = al@) " | f = gll2.a
for every f,g € C([a,b],R) or C([a,b],C).
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3.6 Some more monotone functions

Let a, b be real numbers with a < b, and let «;, 8 be monotonically increasing
functions real-valued functions on [a, b]. Thus a+f is a monotonically increasing
real-valued function on [a,b] as well. If f is a continuous real-valued function
on [a,b], then the Riemann—Stieltjes integrals of f on [a,b] with respect to «,
B, a + [ may be defined in the usual way. It is well known that

(3.6.1) /abfd(a—i—ﬁ):/abfda—f—/abfdﬁ.

In particular, if f > 0 on [a,b], then

(3.6.2) /:fdm /abfdﬁs/abfd(aw).

Suppose now that f is a continuous real or complex-valued function on [a, b],
so that | f]l1,o and ||f||2, may be defined as in the previous two sections. Of
course, the analogous quantities

(3.6.3) A l.85 1285 N llvasss [1f]2,048

associated to  and a + 8 may be defined in the same way. Observe that
(3.6.4) [fll1,048 = fll1,a + £l

because of (3.6.1). Similarly,

(3.6.5) 113,045 = 13,0 +11£13,6-

It follows that

(3.6.6) £ 1100 1 £ N8 < N l1ats

and

(3.6.7) 1fll2,00 [1fll2,8 < N1 Fll2,048

Let t be a nonnegative real number, so that ¢ « is a monotonically increasing
real-valued function on [a,b] too. If f is a continuous real-valued function on
[a, b], then the Riemann—Stieltjes integral of f on [a,b] with respect to t @ may
be defined in the usual way. It is well known that

b b
(3.6.8) / fd(ta) =t / fda.
a a
If f is a continuous real or complex-valued function on [a, b], then

(3.6.9) I fll1,6e and || f

2t
may be defined as in the two previous sections again. It is easy to see that
(3.6.10) [fll1ta =tlfl1,a
and
(3.6.11) £l 0 = VEN Fll2,01

using (3.6.8).
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3.7 Compact support

Let (X, d(z,y)) be a metric space, and let f be a real or complex-valued function
on X. The support of f in X is defined by

(3.7.1) supp f = {z € X : f(z) # 0},

which is to say the closure of the set of z € X with f(z) # 0 with respect
to d(-,-). Note that this is different from the definition of the support used in
Section 1.6.

Suppose for the moment that d(z,y) is the discrete metric on X, which is
equal to 1 when z # y, and to 0 when = y. In this case, it is easy to see that
every subset of X is a closed set. Similarly, the closure of any subset E of X is
the same as E. This means that (3.7.1) is the same as the previous definition
of the support in Section 1.6 under these conditions.

If t € R or C, as appropriate, then

(372) {rxreX:tf(z)#0} {reX: f(x) #0} whent#0

0 when ¢t = 0.
This implies that
(3.7.3) supp(t f) = suppf whent#0
= 0 when t = 0.

If g is another real or complex-valued function on X, then it is easy to see that

Brd){zeX: fx)+g(x)#0}C{zeX: f(r)£0}U{zr e X :g(z)#0}.
This implies that
(3.7.5) supp(f + g) € (supp f) U (supp g).

More precisely, this also uses the well-known fact that
(3.7.6) (F1UEy) C By UE,y

for any two subsets Fy, Fs of X.
Of course, f is said to have compact support in X if the support of f is a
compact subset of X. Suppose that there is a compact subset K of X such that

(3.7.7) {reX: f(x) #0} CK.

This implies that
(3.7.8) supp f C K,

because compact subsets of metric spaces are closed sets. If E is a closed subset
of X such that £ C K, then it is well known that F is also compact in X. Thus
(3.7.8) implies that supp f is compact, because supp f is a closed set in X, by
construction.
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If f has compact support in X, then ¢ f has compact support in X for every
t € R or C, as appropriate, because of (3.7.3). Let g be another real or complex-
valued function on X, as appropriate, with compact support. It is well known
and easy to see that the union of any two compact subsets of X is also compact,
so that the union of supp f and supp g is compact. Thus (3.7.5) implies that
the support of f + ¢ is contained in a compact subset of X. It follows that the
support of f + g is compact, as in the preceding paragraph.

Suppose that X # 0, and let Crom (X, R) and Ceom (X, C) be the spaces
of continuous real and complex-valued functions on X with compact support,
respectively. These are linear subspaces of the real and complex vector spaces
C(X,R) and C(X,C) of continuous real and complex-valued functions on X,
respectively, by the remarks in the previous paragraph. Of course, if X is
compact, then every real or complex-valued function on X has compact support.

Suppose that f is a continuous real or complex-valued function on X with
compact support. This implies that

(3.7.9) f(supp f)

is a compact subset of R or C, as appropriate, because continuous mappings
send compact sets to compact sets. In particular, this means that f is bounded
on supp f, because compact subsets of metric spaces are bounded. It follows
that f is bounded on X, because f is equal to 0 on the complement of supp f,
by construction. Thus

(37.10)  Coom(X,R) C Co(X,R), Coom(X,C) C Cy(X,C),

where Cy(X,Y) is as in Section 1.14.

Suppose for the moment again that X is equipped with the discrete metric.
In this case, the only compact subsets of X are those with only finitely many
elements. If Y is any metric space, then every mapping from X into Y is
continuous. Hence Ceppn (X, R) and Cgppn (X, C) are the same as the spaces
coo(X, R) and cgo(X, C) defined in Section 1.6 in this situation.

3.8 Functions on R

In this section, we take the real line to be equipped with the standard Euclidean
metric, as usual. Let f be a real or complex-valued function on R. If f has
compact support in R, then there are real numbers a, b with a < b and

(3.8.1) supp f C [a, b],

because compact subsets of R are bounded. Conversely, if (3.8.1) holds for some
a,b € R with a < b, then supp f is compact, because [a, b] is a compact subset of
R. Remember that the spaces Ceom (R, R) and Cepm (R, C) of continuous real
and complex-valued functions on R with compact support are linear subspaces
of the real and complex vector spaces of all continuous real and complex-valued
functions on R, respectively, as in the previous section.



44 CHAPTER 3. SOME MORE METRIC SPACES

A nonnegative real-valued function N on Cepm (R, R) or Ceom (R, C) is said
to be a norm if it satisfies the following three conditions, as usual. First, N(f) =
0 if and only if f = 0. Second, if f is a continuous real or complex-valued
function on R with compact support and ¢ € R or C, as appropriate, then

(3.8.2) N(tf)=[tIN(f).

Third, if f and g are continuous real or complex-valued functions on R with
compact support, as appropriate, then

(3.8.3) N(f+9) < N(f)+ N(g).

This implies that
(3.8.4) dn(f.9) = N(f —g)

defines a metric on Cepn (R, R) or Ceom (R, C), as appropriate.
Remember that continuous real and complex-valued functions on R with

compact support are bounded, as in the previous section. The supremum norm
is defined on each of Ceom (R, R) and Ceom (R, C) by

(3.8.5) 1flloo = sup [f(z)],
z€R

as in (1.13.4). Equivalently,

(3.8.6) [flloc = sup{|f(z)| : = € supp f}

when supp f # ), in which case the supremum is attained, by the extreme value
theorem. If (3.8.1) holds for some a,b € R with a < b, then

(3.8.7) [fllec = sup |f(z)].
a<z<b

As before, the corresponding metric

(3.8.8) dos (f,9) = IIf — 9l

is the same as the supremum metric.

Let f be a continuous real or complex-valued function on R with compact
support, and let a, b be real numbers such that a < b and (3.8.1) holds. Under
these conditions, one can define the integral

(3.8.9) / f(z)dx
to be the Riemann integral

b
(3.8.10) / F(z) da.
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More precisely, one can check that (3.8.10) does not depend on the particular
choices of a and b, as long as (3.8.1) holds. If g is another continuous real or
complex-valued function on R, as appropriate, with compact support, then

(3.8.11) /oo (F(x) + g(x)) da = /_Z (@) dm—i—/oo o() da.

—00 — 00

To see this, one can choose a,b € R such that a < b and the supports of both
f and g are contained in [a, b], so that the support of f + g is contained in [a, ]
too. In this case, (3.8.11) reduces to the well-known fact that

b b b
(3.8.12) /(f(x)+g(x))dx=/ f(a:)dx+/ o) da.

Of course, other basic properties of (3.8.9) follow from the corresponding state-
ments for (3.8.10).

If f is a continuous real or complex-valued function on R with compact
support, then put
(38.13) 9= [ 1@z,

— 00

where the integral on the right is defined as in the preceding paragraph. One
can check that this defines a norm on each of Ceop, (R, R) and Ceop, (R, C), in
essentially the same way as for functions on an interval. This leads to a metric

oo

(3514) d(f.9) =7 =gl = [ 1@ - gl da
on each of Ceom (R, R) and Ceom (R, C), as in (3.8.8).
Similarly, put

(35.15) Ile=( [ Ispas)”

for every continuous real or complex-valued function f on R with compact
support, using the nonnegative square root on the right side. One can verify
that this defines a norm on each of Cem(R,R) and Ceppn (R, C), using the
analogous statements for functions on an interval. Thus

(3516) iaf.o) = ([ 160 = glof?da)

defines a metric on each of Ceypn (R, R) and Cpppn (R, C).
Let f be any continuous real or complex-valued function on R with compact
support. Observe that

o0 oo

<mw>w@afmmwmgwm/ F@)ldz = | fl [1fllso-

— 00 — 00
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3.9 Dense sets and Weierstrass’ theorem

Let (M, d(x,y)) be a metric space, and let E be a subset of M. Remember that
FE is said to be dense in X if every element of M is an element of F, or a limit
point of E, or both. This is the same as saying that the closure E of E in M is
equal to M. Equivalently, it is easy to see that E is dense in M if and only if
for every x € M and € > 0 there is a y € F such that

(3.9.1) d(z,y) <e.

Alternatively, one can verify that E is dense in M if and only if for every x € M
there is a sequence {z;}72; of elements of E' that converges to x in M.

Let (X,dx) and (Y,dy) be nonempty metric spaces, and let (-,-) be the
corresponding supremum metric on the space Cy(X,Y") of bounded continuous
mappings from X into Y, as in Sections 1.11 and 1.14. A subset E of Cp(X,Y)
is dense in Cp(X,Y’) with respect to (-, -) if and only if for every f € Cp(X,Y)
and € > 0 there is a g € F such that

(3.9.2) 0(f.9) <e,

as in the preceding paragraph. Note that (3.9.2) implies that
(3.9.3) dy (f(z),g(x)) < € for every z € X.

If (3.9.3) holds, then
(3.9.4) 0(f,9) <e

by the definition of the supremum metric. Using this, we get that E is dense in
Cy(X,Y) with respect to 6(-,-) if and only if for every f € Cp(X,Y) and € > 0
there is a g € E such that (3.9.3) holds.

We also have that E is dense in Cy(X,Y") with respect to 6(-,-) if and only
if for every f € Cy(X,Y) there is a sequence {f;}32, of elements of £ that
converges to f uniformly on X. This uses the equivalence of uniform convergence
and convergence with respect to 6(-,-) for sequences of bounded mappings from
X into Y, as in Section 1.11.

Let a, b be real numbers with a < b, and let f be a continuous complex-
valued function on [a,b]. Of course, this uses the restriction of the standard
Euclidean metric on R to [a,b], and the standard Euclidean metric on C. A
famous theorem of Weierstrass states that there is a sequence of polynomials
on R with complex coefficients that converges to f uniformly on [a,b]. If f is a
continuous real-valued function on [a, b], then one can use polynomials on R with
real coefficients. This means that the set of functions on [a,b] corresponding
to polynomials with complex coefficients is dense in the space C([a,b],C) of
continuous complex-valued functions on [a,b], with respect to the supremum
metric. Similarly, the set of functions on [a,b] corresponding to polynomials
with real coefficients is dense in the space C([a, ], R) of continuous real-valued
functions on [a, b], with respect to the supremum metric.
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Suppose now that (X, dx) is a nonempty compact metric space. The Stone—
Weierstrass theorem gives a criterion for a set of continuous real or complex-
valued functions on X to be dense in C'(X,R) or C(X, C), as appropriate, with
respect to the supremum metric. This will be discussed in Section 3.11, after
some preliminaries in the next section.

3.10 Functions on sets
Let X be a nonempty set, and let
(3.10.1) ¢(X,R), ¢(X,C)

be the spaces of all real and complex-valued functions on X, respectively. Of
course, if f and g are real or complex-valued functions on X, then f + g is
a real or complex-valued function on X, as appropriate. Similarly, if f is a
real or complex-valued function on X, and ¢ is a real or complex number, as
appropriate, then t f is a real or complex-valued function on X, as appropriate.
These are basic (classes of) examples of vector spaces over the real or complex
numbers.

A subset W of ¢(X, R) or ¢(X, C) is said to be a linear subspace of ¢(X,R) or
¢(X, C), as appropriate, if 0 € W, and W satisfies the following two additional
conditions. First, if f,g € W, then

(3.10.2) frgeWw
Second, if f € W and t € R or C, as appropriate, then
(3.10.3) tfeWw.

If f and g are real or complex-valued functions on X, then their product
f(x) g(z) defines a real or complex-valued function on X, as appropriate, too.
In fact, ¢(X,R), ¢(X, C) are basic (classes of) examples of commutative rings,
although we shall not discuss this in detail here. More precisely, these are
commutative algebras over the real and complex numbers, respectively.

Let A be a linear subspace of ¢(X,R) or ¢(X,C). Suppose that for every
f,g € A, we have that
(3.10.4) fgeA

Under these conditions, A is said to be a subalgebra of ¢(X,R) or ¢(X,C), as
appropriate.

If X is equipped with a metric, then the corresponding spaces C(X, R) and
C (X, C) of continuous real and complex-valued functions on X are subalgebras
of ¢(X,R) and ¢(X, C), respectively. If X is equipped with the discrete metric,
then any mapping from X into another metric space is continuous. In particular,
this means that

(3.10.5) C(X,R)=¢(X,R) and C(X,C) =¢(X,C)
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in this case.
Let W be a subset of ¢(X,R) or ¢(X,C). We say that W is nowhere van-
ishing on X if for every = € X there is an f € W such that

(3.10.6) fx) #0.

In particular, this holds when W contains a nonzero constant function on X.
We say that W separates points in X if for every x,w € X with x # w there is
an f € W such that

(3.10.7) f(z) # fw).

Of course, at least one of f(x) and f(w) is not equal to 0 in this case.

Suppose now that W is a subset of ¢(X, C). We shall sometimes be concerned
with situations where W contains the complex-conjugate of each of its elements.
If W is a linear subspace of ¢(X, C), then this is equivalent to the condition that
W contain the real and imaginary parts of all of its elements.

If W is a linear subspace of ¢(X,R) or ¢(X, C), then a subset of W may be
called a linear subspace of W if it is a linear subspace of ¢(X,R) or ¢(X, C), as
appropriate. Similarly, if A is a subalgebra of ¢(X, R) or ¢(X, C), then a subset
of A may be called a subalgebra of A if it is a subalgebra of ¢(X,R) or ¢(X, C),
as appropriate. In particular, if X is equipped with a metric, then the notions
of linear subspaces and subalgebras of C'(X,R) and C'(X, C) may be defined in
this way.

3.11 The Stone—Weierstrass theorem

Let (X,d(x,y)) be a metric space, and suppose that X is nonempty and com-
pact. Also let A be a subalgebra of the algebra C'(X,R) of continuous real-
valued functions on X, and suppose that

(3.11.1) A is nowhere vanishing on X,
and that
(3.11.2) A separates points in X.

Under these conditions, the Stone—Weierstrass theorem states that
(3.11.3) A is dense in C(X,R),

with respect to the supremum metric. It is easy to see that (3.11.1) and (3.11.2)
are necessary for (3.11.3) to hold.

Let a, b be real numbers with a < b. Observe that the collection of func-
tions on [a,b] that can be expressed as a polynomial with real coefficients is
a subalgebra of the algebra of continuous real-valued functions on [a,b]. It is
easy to see that this subalgebra is nowhere vanishing on [a, b] and that it sep-
arates points in [a,b]. Thus Weierstrass’ original approximation theorem for
approximating real-valued continuous functions on [a,b] by polynomials with



3.12. ALGEBRAS OF BOUNDED FUNCTIONS 49

real coefficients uniformly on [a,b] can be obtained from the Stone-Weierstrass
theorem. However, Weierstrass’ original theorem, or at least an interesting case
of it, is typically used to show the Stone—Weierstrass theorem.

Let (X, d(z,y)) be any nonempty compact metric space again, and now let A
be a subalgebra of the algebra C(X, C) of continuous complex-valued functions
on X. Suppose that A is nowhere vanishing on X, that A separates points in
X, and that

(3.11.4) A contains the complex conjugate of each of its elements.
In this case, another version of the Stone—Weierstrass theorem states that
(3.11.5) A is dense in C(X, C),

with respect to the supremum metric.
This version of the Stone—Weierstrass theorem can be obtained from the
previous one, as follows. Note that

(3.11.6) A contains the real and imaginary parts of all of its elements,
as in the previous section. One can check that
(3.11.7) the collection of real-valued functions in A

is a subalgebra of C'(X, R) that satisfies (3.11.1) and (3.11.2). Thus the previous
version of the theorem implies that every continuous real-valued function on X
can be approximated by elements of (3.11.7), uniformly on X. Using this,
it is easy to see that every continuous complex-valued function on X can be
approximated by elements of A, uniformly on X.

It is well known that the version of the Stone—Weierstrass theorem for
complex-valued functions does not always work without the hypothesis (3.11.6).
One can get a counterexample by taking X to be the closed unit disk in the
complex plane, and A to be the algebra of continuous complex-valued functions
on the closed unit disk that are holomorphic or complex-analytic on the open
unit disk. Alternatively, one can take X to be the unit circle in the complex
plane, and A to be the algebra of continuous complex-valued functions on the
circle that have a continuous extension to the closed unit disk that is holomor-
phic on the open unit disk. There are examples related to these that may be
described without using complex analysis.

3.12 Algebras of bounded functions

Let X be a nonempty set, and remember that (X, R) and ¢*°(X, C) denote
the spaces of bounded real and complex-valued functions on X, respectively, as
in Section 1.13. If f, g are bounded real or complex-valued functions on X, then
it is easy to see that their product f ¢ is bounded on X as well. More precisely,
one can check that the supremum norm of f g on X satisfies

(3.12.1) 1/ 9llco < 1£1loo 19lloo-
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Thus ¢ (X,R) and ¢*°(X,C) are subalgebras of the algebras ¢(X,R) and
¢(X, C) of all real and complex-valued functions on X, respectively, as in Section
3.10.

If W is a subset of £>°(X,R) or £>°(X, C), then let W be the closure of W in
{>(X,R) or £°(X,C), as appropriate, with respect to the supremum metric.
If W is a linear subspace of £>°(X,R) or ¢>°(X, C), then one can check that

(3.12.2) W is a linear subspace of £*°(X,R) or £*°(X,C),

as appropriate. Similarly, if W is a subalgebra of ¢*°(X,R) or £>°(X, C), then
one can verify that

(3.12.3) W is a subalgebra of £>°(X,R) or (X, C),

as appropriate.

Suppose now that (X,d(z,y)) is a nonempty metric space. The spaces
Cp(X,R) and Cy(X, C) of bounded continuous real and complex-valued func-
tions on X are subalgebras of £>°(X,R) and £*° (X, C), respectively. Remember
that Cp(X,R) and Cp(X, C) are also closed sets in ¢*°(X,R) and (*(X, C),
respectively, with respect to the supremum metric, as in Section 1.14.

Let A be a subalgebra of Cp,(X,R) or Cy(X, C), so that A may also be con-
sidered as a subalgebra of (X, R) or £*°(X, C), as appropriate. The closure
A of Ain Cy(X,R) or Cy(X,C), as appropriate, is the same as the closure of
A in (X, R) or (X, C), as appropriate. In particular, A is a subalgebra of
Cp(X,R) or Cp(X, C), as appropriate, as before.

If X is compact, then one can use these remarks to reduce to the case of
closed subalgebras of C(X, R) or C(X, C), with respect to the supremum metric,
in the Stone-Weierstrass theorem.

3.13 Some remarks about closed subalgebras

Let a be a positive real number. It is well known that the absolute value
function on R can be uniformly approximated on [—a, a] by polynomials p with
real coeflicients such that

(3.13.1) p(0) =0,
as in Corollary 7.27 on pl61 of [155]. Of course, Weierstrass’ approximation
theorem implies that | - | may be approximated uniformly on [—a,a] by poly-

nomials ¢ with real coefficients. The constant term of such an approximation
should be small, because |0] = 0, and so one can replace ¢ with ¢ — ¢(0) to get
approximations with the additional condition (3.13.1). This type of approxima-
tion can also be obtained more directly, without using Weierstrass’ theorem, as
in Exercise 23 on p169 of [155].

Let X be a nonempty set, and let A be a subalgebra of the algebra ¢(X,R)
of all real-valued functions on X. If f € A, and if p is a polynomial with real
coefficients that satisfies (3.13.1), then it is easy to see that

(3.13.2) po fe A
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Now let A be a subalgebra of the algebra ¢>°(X, R) of all bounded real-valued
functions on X. Suppose that A is a closed set in £>°(X,R), with respect to
the supremum metric. If f € A, then it is well known that

(3.13.3) lfle A

too. This corresponds to Step 1 in the proof of Theorem 7.32 on p162 of [155],
which is the Stone—Weierstrass theorem.

To see this, note that there is a nonnegative real number a such that |f| < a
on X, which means that

(3.13.4) f(X) C[—a,al.

The absolute value function on R can be uniformly approximated on [—a, a] by
polynomials p with real coefficients that satisfy (3.13.1), as before, which implies
that |f| can be uniformly approximated on X by the corresponding functions
po f. Thus (3.13.3) can be obtained from (3.13.2), because A is a closed set in
(X, R), by hypothesis.

If g is another element of A, then it is well known that

(3.13.5) max(f,g), min(f,g) € A

as well, as in Step 2 on p163 of [155]. This can be obtained by expressing the
maximum and minimum of two real numbers in terms of the absolute value
function, as in [155].

3.14 Local compactness

A metric space (X, d) is said to be locally compact at a point x € X if there is a
positive real number 7 such that B(z,r) is a compact subset of X. Remember
that B(z,r) is the closed ball in X centered at x with radius r, and that this is
a closed set in X.

If there is a continuous real or complex-valued function f on X with compact
support such that f(z) # 0, then X is locally compact at . More precisely, if
f(x) # 0, then there is an r > 0 such that f is nonzero at every point in B(z,r),
because f is continuous at x. This implies that

(3.14.1) B(x,r) Csupp f,

and hence that B(z,r) is compact when supp f is compact, because B(z,r) is
a closed set in X.

If (X,d) is any metric space and z € X, then it is well known that the
distance to x defines a continuous real-valued function on X. If r is a positive
real number, then one can use this to get continuous nonnegative real-valued
functions f on X such that f(z) > 0 and

(3.14.2) supp f C B(x,7).
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More precisely, one can obtain such functions f by composing the distance to
x with suitable continuous functions on the real line. If X is locally compact
at z, then one can choose r > 0 so that B(z,r) is compact in X. In this case,
(3.14.2) implies that f has compact support in X, as before.

If X is locally compact at every z € X, then X is said to be locally com-
pact as a metric space. Of course, if X is compact, then X is automatically
locally compact. If X is equipped with the discrete metric, then X is clearly
locally compact. Note that R™ is locally compact with respect to the standard
Euclidean metric for every positive integer n.

3.15 Another vanishing condition

Let (X, d(z,y)) be a metric space, and let f be a real or complex-valued function
on X. We say that f wvanishes at infinity on X if for every € > 0 there is a
compact subset K (€) of X such that

(3.15.1) If(2)] < e

for every € X \ K(e). Note that this is not the same as the definition used in
Section 2.5. However, if X is equipped with the discrete metric, then the two
notions are equivalent, because the only compact subsets of X are those with
only finitely many elements. If X is a compact metric space, then any real or
complex-valued function on X automatically vanishes at infinity in this sense.

Equivalently, f vanishes at infinity on X if for every ¢ > 0 there is a compact
set K(e) C X such that

(3.15.2) Ef)={v € X:|f(@)] = e}  K(e).

This condition implies that
(3.15.3) Ec(f) € K(e),

where E.(f) is the closure of E.(f) in X, because compact subsets of metric
spaces are closed sets. It follows from (3.15.3) that E.(f) is compact in X,
because a closed set in a metric space is compact when it is contained in a
compact set. Conversely, if E.(f) is compact, then one might as well take it to
be K(¢). Thus f vanishes at infinity on X if and only if E.(f) is compact for
every € > 0.

Note that

(3.15.4) E.(f) Csupp f

for every € > 0, where supp f is as in (3.7.1). If f has compact support in X,
then it follows that f vanishes at infinity on X.

If f vanishes at infinity on X, then it is easy to see that ¢ f vanishes at
infinity for every ¢ € R or C, as appropriate. Let g be another real or complex-
valued function on X, as appropriate. If f and g both vanish at infinity on X,
then one can check that f + g vanishes at infinity on X too. This uses the fact
that the union of two compact subsets of X is compact as well.
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Suppose that X # 0, and let Co(X,R) and Cy(X, C) be the spaces of contin-
uous real and complex-valued functions on X that vanish at infinity, respectively.
These are linear subspaces of the real and complex vector spaces C(X,R) and
C(X, C) of continuous real and complex-valued functions on X, respectively, by
the remarks in the preceding paragraph. We also have that

(3.15.5) Coom(X,R) C Co(X,R), Ceom(X,C) C Co(X,C)

because functions on X with compact support automatically vanish at infin-
ity, as before. If X is equipped with the discrete metric, then Cy(X,R) and
Co(X, C) are the same as the spaces coo(X, R) and ¢oo(X, C) defined in Section
2.5, respectively. This uses the fact that all functions on X are continuous in
this case.

Let f be a continuous real or complex-valued function on X. Note that
E.(f) is a closed set in X for each € > 0. Thus f vanishes at infinity on X if
and only if E.(f) is compact for every ¢ > 0. Of course, the restriction of f
to any compact set K C X is bounded, because f(K) is compact, and hence
bounded. If E.(f) is compact for any € > 0, then it follows that f is bounded
on X. In particular, if f vanishes at infinity on X, then f is bounded on X.
This means that

(3.15.6) Co(X,R) C Cy(X,R), Co(X,C)C Cy(X,C),

where Cy(X,Y) is as in Section 1.14.

Let f be a continuous real or complex-valued function on X again, and let
x be an element of X such that f(z) # 0. Thus |f(x)| > € for some € > 0, and
the continuity of f at x implies that there is an 7 > 0 such that |f(y)| > € for
every y € X with d(z,y) < r. Equivalently, this means that

(3.15.7) B(x,r) C Ec(f),

where B(x,r) is the closed ball in X centered at x with radius r, as before. If
f vanishes at infinity on X, then it follows that B(x,r) is compact, because
B(z,r) is a closed set in X. This implies that X is locally compact at 2 under
these conditions.

Let {f;}52; be a sequence of real or complex-valued functions on X that
converges uniformly to a real or complex-valued function f on X, as appropriate.
Suppose that f; vanishes at infinity on X for each j, and let us show that f
vanishes at infinity on X too. Let € > 0 be given. Because {f; };";1 converges

to f uniformly on X, there is an L € Z such that

(3.15.8) |fi(x) = fz)] < e/2
for every x € X and j > L. There is also a compact set K C X such that
(3.15.9) |fr(z)| <e€/2

for every z € X \ K, because f, vanishes at infinity on X. Combining (3.15.8)
and (3.15.9), we get that

(81510)  |f(2)| < |f(@) = fo(@)| + fo(@)| < e/2+€/2=
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for every x € X \ K, as desired. In particular, this implies that Cy(X,R)
and Cy(X, C) are closed sets in Cp(X,R) and Cy(X, C) with respect to the
supremum metric.

Let f be a real or complex-valued function on X that vanishes at infinity.
Also let ¢ be a mapping from R or C into itself such that ¢(0) = 0 and ¢ is
continuous at 0. Under these conditions, one can check that ¢ o f vanishes at
infinity on X too. If ¢ vanishes on a neighborhood of 0 in R or C, as appropriate,
then one can verify that ¢ o f has compact support in X. Of course, if f and
¢ are continuous, then ¢ o f is continuous on X too. It is easy to see that the
identity mappings on R and C can be approximated uniformly by continuous
functions that vanish on a neighborhood of 0. If f is a continuous function on
X that vanishes at infinity, then one can use this to approximate f uniformly by
continuous functions on X with compact support. This means that Ceom (X, R)
and Ceom (X, C) are dense in Cy(X,R) and Cy(X, C), respectively, with respect
to the supremum metric.



Chapter 4

Compactness and
completeness

4.1 Diameters of sets

Let (X,d(z,y)) be a metric space, and let E be a subset of X. If E # (), then
the diameter of E can be defined as a nonnegative extended real number by

(4.1.1) diam E = sup{d(z,y) : x,y € E}.

It is easy to see that this is finite exactly when E is bounded in X. It is
sometimes convenient to define the diameter of the empty set to be 0. One can
check that

(4.1.2) diam F = diam F

for every E C X, where E is the closure of E in X, as usual.
IfEl Q E2 Q X, then

(4.1.3) diam F; < diam Fj5.

Observe that -

(4.1.4) diam B(x,r) < 2r

for every x € X and nonnegative real number 7, by the triangle inequality. Here

B(z,7) is the closed ball in X centered at x with radius r, as before. If £ C X
is a bounded set, then

(4.1.5) E C B(z,diam E)
for every x € F.
Let E1, Es, E3,... be an infinite sequence of nonempty subsets of X such
that
(4.1.6) E; is closed and bounded

for each j > 1,
(4.1.7) Eit1 CE;

95
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for every j > 1, and
(4.1.8) lim diam E; = 0.

j—oo
Let x; be an element of E; for each j > 1. If 1 < j </, then it follows that
(4.1.9) x € B CE;.

It is easy to see that

(4.1.10) {z;}52, is a Cauchy sequence in X.

Suppose for the moment that X is complete with respect to d, so that

(4.1.11) {;}52, converges to an element x of X.

If | is any positive integer, then {z;}52; is a sequence of elements of E; that
converges to z. This implies that

(4.1.12) z e B

for every | > 1, because Ej is a closed set, by hypothesis. Thus

(4.1.13) (E; #0

j=1

under these conditions.
Now let {z;}32, be a Cauchy sequence in X, and put

(4.1.14) Ej={z:1>j}
for each j > 1, which is the closure in X of the set of x; with j > [. Clearly
E; # ( and (4.1.7) holds for every j > 1, and the E;’s are closed sets, by

construction. It is well known that the E;’s are bounded in X, because {z;}32;
is a Cauchy sequence, and in fact we have that (4.1.8) holds. If

(4.1.15) ze () E;,
j=1

then one can check that
(4.1.16) {z;}72, converges to x in X.

This means that completeness of X is necessary in order to get (4.1.13) under
the conditions described in the preceding paragraph.
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4.2 Totally bounded sets

Let (X,d(z,y)) be a metric space again. A subset E of X is said to be totally
bounded if for every r > 0 there are finitely many elements x1,...,x; of X such
that

l
(4.2.1) U (z5,7

If E = 0, then this may be considered to hold trivially with { = 0 for each r > 0,
even when X = (). If (4.2.1) holds for some r > 0 and finitely many points
Z1,...,2; in X, then F is a bounded set in X. Thus totally bounded sets are
bounded in particular.

If EF C X is compact, then

(4.2.2) E is totally bounded.

More precisely, for each r > 0, E can be covered by open balls in X of radius
r. Compactness implies that this open covering can be reduced to a finite
subcovering, as desired.

Suppose that E is a bounded subset of R™ for some positive integer n, with
respect to the standard Euclidean metric on R™. In this case, one can check
directly that F is totally bounded.

Of course, finite subsets of X are totally bounded. If X is equipped with
the discrete metric and E C X is totally bounded, then

(4.2.3) E has only finitely many elements.

This can be seen by taking r = 1 in (4.2.1).
A subset E of X is totally bounded if and only if for every ¢ > 0 there are
finitely many elements y1,...,y; of X such that

(4.2.4) LlJ B(yj,t

More precisely, the previous formulation implies this one, because B(z,r) is
contained in B(z,r) for every € X and r > 0. To get the converse, one can
use the fact that B(y,t) is contained in B(y,r) when t < r. If E is totally
bounded, then it follows from this reformulation that

(4.2.5) the closure £ of E in X is totally bounded

too.
As another reformulation, a subset E of X is totally bounded if and only if
for every ry > 0,

(4.2.6) E is contained in the union of finitely many subsets of X

with diameter strictly less than r;.
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More precisely, this formulation can be obtained from (4.2.1) using (4.1.4). Sim-
ilarly, one can get (4.2.1) from this formulation using (4.1.5). Equivalently,
FE C X is totally bounded if and only if for every ¢; > 0,

(4.2.7) E is contained in the union of finitely many subsets of X

with diameter less than or equal to ¢;.

Suppose that E C X is not totally bounded in X. This means that there
is an r > 0 such that E cannot be covered by finitely many open balls in X of
radius r. In particular, E # @), and we let x1 be an element of E. By hypothesis,
E is not contained in B(z1,r), and so there is an element x5 of E that is not
in B(xy,r). If elements x1,...,2; of E have been chosen in this way for some
positive integer [, then E is not contained in Ué:1 B(z;,r), by hypothesis. This
permits us to choose x;41 € E such that x;41 is not in B(zj,r) when 1 < j <.
Continuing in this way, we get an infinite sequence {z; }j‘;l of elements of F
such that x; is not in B(x;,r) when j < [. Equivalently,

(4.2.8) d(zj,x) > T

when 7 < [.

4.3 Separable metric spaces
A metric space (X, d(x,y)) is said to be separable if

(4.3.1) there is a dense subset of X with only
finitely or countably many elements.

It is well known that
(4.3.2) R" is separable

with respect to the standard Euclidean metric for each positive integer n, as in
Exercise 22 at the end of Chapter 2 of [155]. More precisely, one can check that
the set of points in R™ with rational coordinates is a countable dense set in R™,
as in the hint given in [155].

If X is any set equipped with the discrete metric, then
(4.3.3) X is the only dense subset of itself.
Thus X is separable with respect to the discrete metric if and only if

(4.3.4) X has only finitely or countably many elements.

Let (X, d(z,y)) be any metric space again. One can check that X is separable
if and only if for each € > 0 there is a subset A(e) of X such that

(4.3.5) A(€) has only finitely or countably many elements
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and
(4.3.6) |J B(z.e=x.
z€A(e)
Indeed, if X is separable, then there is a dense set A C X with only finitely or
countably many elements, and one can take

(4.3.7) Ale) = A

for every € > 0. Conversely, if A(1/7) C X satisfies (4.3.6) with e = 1/j for each
positive integer j, then it is easy to see that

(4.3.8) A= U A(1/5)

is dense in X. If A(1/j) also has only finitely or countably many elements for
each j > 1, then (4.3.8) has only finitely or countably many elements as well.

Note that X is totally bounded if and only if for every € > 0 there is a finite
set A(e) C X such that (4.3.6) holds. This implies that

(4.3.9) X is separable,

as before.
A collection B of open subsets of X is said to be a base for the topology of
X if for every x € X and r > 0 there is a U € B such that € U and

(4.3.10) U C B(x,r).

Equivalently, this means that every nonempty open subset of X can be expressed
as a union of elements of 5. One may consider the empty set to be the union
of the empty collection of sets.

Let E be a dense subset of X, and let B(E) be the collection of subsets of
X of the form B(y,1/j), where y € F and j € Z;. We would like to show that

(4.3.11) B(FE) is a base for the topology of X.

To do this, let x € X and r > 0 be given. Let j be a positive integer such that
2/j < r. Because E is dense in X, there is a y € F such that d(z,y) < 1/j.
This implies that 2 € B(y,1/j), and one can also verify that

(4.3.12) B(y,1/j) € B(=,7),

using the triangle inequality, as desired.
If E has only finitely or countably many elements, then

(4.3.13) B(E) has only finitely or countably many elements.

Conversely, if there is a base B for the topology of X with only finitely or
countably many elements, then X is separable. More precisely, one can choose
an element from every nonempty element of B to get a dense set in X with only
finitely or countably many elements.
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4.4 Lindelof’s theorem

Let (X,d(x,y)) be a metric space, and suppose that B is a base for the topology
of X with only finitely or countably many elements. Let {U,}aca be a family
of open subsets of X, indexed by a nonempty set A. Under these conditions, a
theorem of Lindelof says that there is a subset A; of A such that

(4.4.1) A; has only finitely or countably many elements
and
(4.4.2) U Ua= U U

a€Aq a€A

To see this, put
(4.4.3) B,={VeB:VCU,}

for every a € A. Observe that

(4.4.4) U v=u.
VEBa

for every a € A, because B is a base for the topology of X, and U, is an open
set. Put

(4.4.5) B = | J Ba,
acA
so that
(4.4.6) Uv=U(UV)=UUVe«
venB’ ac€A VEB, acA

IfV e B, then V € B, for some a € A, and we let a(V) be an element of A
with this property. Let
(4.4.7) Ay ={a(V):V € B}

be the collection of elements of A that have been chosen in this way.
Thus
(4.4.8) Uve U U

ven’ a€Ay

because V' C Uy, vy for every V € B, by construction. This implies that

(4.4.9) Uv.c U U,

acA a€A;

by (4.4.6). The opposite inclusion holds automatically, because A; C A, so that
(4.4.2) holds. Clearly B’ has only finitely or countably many elements, because
B’ C B, and B has only finitely or countably many elements, by hypothesis. It
follows that A; has only finitely or countably many elements too, as desired.
A subset E of X is said to have the Lindeldf property if every open covering
of F'in X can be reduced to a subcovering with only finitely or countably many
elements. More precisely, this means that if {U,}aca is an open covering of E
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in X, then there is a subset A; of A such that A; has only finitely or countably
many elements and
(4.4.10) EC | Ua.

a€A,
If there is a base B for the topology of X with only finitely or countably many el-
ements, then Lindel6f’s theorem implies that every subset of X has the Lindel6f
property.

Suppose that X has the Lindel6f property, and let ¢ > 0 be given. Of
course, X is covered by the collection of all open balls in X of radius €. Because
X has the Lindelof property, there is a subset A(e) of X with only finitely
or countably many elements such that (4.3.6) holds. This implies that X is
separable, as mentioned in the previous section.

4.5 The limit point property

Let (X,d(x,y)) be a metric space. A subset E of X is said to have the limit
point property if for every infinite subset A of F there is an x € E such that

(4.5.1) 2 is a limit point of A in X.
If F is compact, then it is well known that
(4.5.2) FE has the limit point property.

Otherwise, there is an infinite set A C F which has no limit point in E. This
means that for every x € E there is a positive real number r(z) such that
B(z,r(x)) does not contain any element of A, except perhaps for z itself. Be-

cause F is compact, there are finitely many elements x1, ..., z, of E such that
n
(4.5.3) EC U B(zj,r(xj)).
j=1

In particular, this implies that
(4.5.4) AC U(AﬁB(a:j,r(xj))).

j=1

This means that A has at most n elements, contradicting the hypothesis that
A have infinitely many elements.
If £ C X has the limit point property, then

(4.5.5) E is totally bounded in X.

Otherwise, there is an r > 0 and an infinite sequence {z;}32, of elements of X
such that
(4.5.6) d(zj, ;) > r when j <,
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as in Section 4.2. Let A be the set of x;’s, 7 > 1, which is an infinite subset of
E, because the x;’s are distinct. If z € X, then it is easy to see that

(4.5.7) AN B(x,r/2) has at most two elements,

using the triangle inequality. This implies that x is not a limit point of A, and
hence that E does not have the limit point property.

Suppose that £ C X has the limit point property, and let Uy, Us,Us, ... be
an infinite sequence of open subsets of X such that

3

(4.5.8) Ec|]uU;.

j=1

We would like to show that there is a positive integer n such that
(4.5.9) Ec|Ju;
j=1

Otherwise, for each n > 1, we can choose x,, € E such that z,, & U?Zl U;. Let
A be the set of points x,, n > 1, that have been chosen in this way. Let us
check that A has infinitely many elements.

If y € E, then y € U, for some [ > 1, by (4.5.8). This means that x,, # y
when n > [, because x,, & U;, by construction. Thus z,, = y for at most finitely
many n > 1, which implies that A has infinitely many elements.

Hence there is an « € E such that z is a limit point of A in X, because
E has the limit point property. We also have that = € U; for some j > 1, by
(4.5.8). Because U; is an open set in X, there is an > 0 such that

(4.5.10) B(z,r) CU;j.

There are infinitely many elements of A in B(x,r), because x is a limit point of
A. This means that there are infinitely many elements of A in Uj;, by (4.5.10).
Thus x,, € U; for infinitely many n > 1. This contradicts the fact that ,, ¢ U;
when n > j, by construction.

Suppose that X has the limit point property, and let us show that

(4.5.11) X is compact.

Remember that X is totally bounded in this case, as mentioned earlier. This
implies that X is separable, as in the previous section, and hence that there
is a base for the topology of X with only finitely or countably many elements.
It follows that X has the Lindel6f property, as in the previous section again.
Combining this with the argument in the preceding paragraphs, we get that X
is compact, as desired.

Now let F be any subset of X with the limit point property, and let us verify
that
(4.5.12) E is compact.
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Remember that E may also be considered as a metric space, with respect to
the restriction of d(z,y) to z,y € E. It is easy to see that F has the limit point
property as a subset of itself when E has the limit point property as a subset
of X. This implies that E is compact as a subset of itself, as in the previous
paragraph. It is well known that this implies that F is compact as a subset of
X, as desired.

4.6 Sequential compactness

Let (X,d(z,y)) be a metric space again. A subset F of X is said to be se-
quentially compact if for every sequence {mj};?‘;l of elements of E there is a
subsequence {z;, }72, of {z;}72, and an element = of F such that

(4.6.1) {z;,}72, converges to = in X.
If F has the limit point property, then it is well known that
(4.6.2) E is sequentially compact.

More precisely, let {z;}32, be a sequence of elements of £, and let A be the set
of 2;’s, j > 1. If A has only finitely many elements, then there is a subsequence
{z;,}72, of {z;}72, and an element x of E such that z;, = z for every [ > 1. In
particular, this implies that {x; };°, converges to = in X. Otherwise, if A has
infinitely many elements, then there is an = € E such that x is a limit point of
A in X, because E has the limit point property. In this case, one can show that
there is a subsequence {z;, }i2, of {z;}32, that converges to = in X.

Conversely, if £ C X is sequentially compact, then E has the limit point
property. To see this, let A be an infinite subset of F, and let {xj};?‘;l be
a sequence of distinct elements of A. By hypothesis, there is a subsequence
{zj,}2, of {x;}32, that converges to an element x of E. It is easy to see that
x is a limit point of A in X, as desired.

Let us say that E C X has the Cauchy subsequence property if every sequence
{z;}52, of elements of E has a subsequence {z;, }72, that is a Cauchy sequence
in X. Sequential compactness automatically implies the Cauchy subsequence
property, because convergent sequences are Cauchy sequences.

Let us say that a sequence {x;}52, of elements of X is an e-sequence for
some € > 0 if
(4.6.3) d(zj,z) <e

for every j,I > 1. Let us say that a subset E of X has the small subsequence
property if for every sequence {z;}22; of elements of £ and every € > 0 there is
a subsequence {z;, }72; of {z;}32; such that

(4.6.4) {z;, }12, is an e-sequence.

If E has the Cauchy subsequence property, then it is easy to see that E has
the small subsequence property. This uses the fact that every Cauchy sequence
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in X is an e-sequence for any € > 0 after skipping finitely many terms in the
sequence.

If E C X is totally bounded, then E has the small subsequence property.
To see this, let a sequence {z;}32; of elements of £ and an € > 0 be given.
Because E is totally bounded, E can be covered by finitely many open balls in
X of radius €/2. This implies that there is a single open ball of radius €/2 that
contains x; for infinitely many j > 1, so that there is a subsequence {zj }7°;
of {z;}32, such that all of the ;s are contained in that open ball. Tt follows
that {x; }7°, is an e-sequence, as desired, by the triangle inequality.

Conversely, suppose that £ C X has the small subsequence property, and let
us check that F is totally bounded. Otherwise, if E is not totally bounded, then
there is an 7 > 0 and a sequence {z;}22, of elements of £ such that d(z;, ;) > r
when j <[, as in Section 4.2. In this case, {z;}32, has no subsequence that is
an r-subsequence, so that £ does not have the small subsequence property.

If E C X has the small subsequence property, then E has the Cauchy
subsequence property. To see this, let a sequence {z; };";1 of elements of E be
given. By hypothesis, there is a subsequence of {z;}%2, that is a (1/2)-sequence.
We can repeat the process, to get a subsequence of the first subsequence that
is a (1/4)-sequence. Continuing in this way, we get an infinite sequence of
subsequences of {z;}%2,, such that the (n + 1)th subsequence of {z;}32; is
also a subsequence of the nth subsequence of {z; };";1 for every n > 1, and the
nth subsequence is a 27 "-sequence for every n > 1. One can check that the
sequence obtained by taking the rth term of the rth subsequence for each r > 1
is a subsequence of {x; }‘;‘;1 as well. This subsequence is a Cauchy sequence too,
because the terms with » > n may be considered as a subsequence of the nth
subsequence for each n > 1.

4.7 A criterion for compactness
Let (X, d(z,y)) be a complete metric space. If
(4.7.1) E C X is closed and totally bounded,

then it is well known that E is compact. One way to show this is to use
the fact that E has the Cauchy subsequence property, because E is totally
bounded, as in the previous section. In this case, Cauchy sequences converge in
X, because X is complete. We also have that the limit of a convergent sequence
of elements of F is contained in F, because E is a closed set. It follows that
F is sequentially compact under these conditions. This implies that E has the
limit point property, as in the previous section, and hence that E is compact,
as in Section 4.5.

Before describing another proof, let us reformulate the hypothesis that E
be totally bounded. If r is a positive real number, then F is contained in the
union of finitely many subsets of X with diameter less than or equal to r, as in
Section 4.2. We may as well suppose that these are subsets of F, since we can
replace them with their intersections with E. We can also take these subsets
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to be closed sets in X, by replacing them with their closures, which have the
same diameters as before. The closures of these subsets of E are contained in
E, because FE is a closed set, by hypothesis.

Let {Us}aca be an open covering of E in X for which there is no finite
subcovering, so that E # ) in particular. As in the previous paragraph, F
can be expressed as the union of finitely many closed sets, each of which has
diameter less than or equal to 1/2. At least one of these finitely many sets
cannot be covered by finitely many U, ’s. This implies that there is a subset F4
of F such that F; is a closed set in X, the diameter of F is less than or equal
to 1/2, and E; cannot be covered by finitely many U, ’s.

Continuing in this way, we can get an infinite sequence Ei, Es, Fs, ... of
subsets of E such that £} is a closed set in X for every j > 1,

(4.7.2) E;j 1 CE;

for every j > 1, ‘
(4.7.3) diam F; <27/

for every j > 1, and E; cannot be covered by finitely many U,’s for any j > 1.
More precisely, suppose that E; has been chosen for some j > 1, and let us
choose Ej ;1. By hypothesis, I; is a closed set contained in E, and hence E; is
totally bounded. Thus E; can be expressed as the union of finitely many closed
sets, each of which has diameter less than or equal to 27771, At least one of
these subsets cannot be covered by finitely many U,’s, because E; cannot be
covered by finitely many U,’s. Thus we take F;,1 to be one of these subsets of
Ej, in such a way that E;; cannot be covered by finitely many U,’s. Clearly
E,; 11 satisfies (4.7.2), and the analogues of the other conditions for j + 1.

Note that diam E; — 0 as j — oo, by (4.7.3). This implies that there is an
z € X that is contained in F; for every j > 1, because X is complete, as before.
In particular, z € E, so that there is an g € A such that z € U,,. It follows
that there is a positive real number r such that

(4.7.4) B(z,r) C Uy,,

because U,, is an open set. If j is large enough so that 277 < r, then E; is
contained in B(z,r), because of (4.7.3) and the fact that x € E;. This means
that E; C U,,, by (4.7.4). This contradicts the condition that E; cannot be
covered by finitely many U,’s, as desired.

Let {z;}52; be a Cauchy sequence of elements of a metric space X, which
is not necessarily complete. If there is a subsequence {z; }7°, of {z;}52, that
converges to an element x of X, then it is well known and not too difficult to
check that
(4.7.5) {x;}72, converges to x

in X. In particular, if {z; };";1 is a sequence of elements of a sequentially compact
set £ C X, then {x; }3)0:1 converges to an element of F. If X is sequentially
compact, then it follows that X is complete. Remember that compact subsets of
metric spaces have the limit point property, and hence are sequentially compact.
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We can also use the second proof of this criterion for compactness as another
way to show that sequential compactness implies compactness. More precisely,
if a metric space X is sequentially compact, then X is complete and totally
bounded, and hence compact, by this criterion. Now let E be a subset of an
arbitrary metric space X, and remember that F may be considered as a metric
space as well, by restricting the metric to elements of E. If E is sequentially
compact in X, then it is easy to see that E is sequentially compact as a subset
of itself too. This implies that F is compact as a subset of itself, as before, and
hence that E is compact as a subset of X.

4.8 The Baire category theorem

Let (X,d(z,y)) be a metric space. One can check that £ C X is dense in X if
and only if for every open set V C X with V # ), we have that

(4.8.1) ENV #0.
If F is dense in X and U is a dense open set in X, then one can verify that
(4.8.2) ENU is dense in X.

This implies that the intersection of two dense open sets in X is a dense open
set in X as well. It follows that the intersection of finitely many dense open
subsets of X is a dense open subset of X too.

Let Uy, Us, Us, ... be an infinite sequence of dense open subsets of X. If X
is complete, then the Baire category theorem states that

(4.8.3) ﬂ U; is dense in X.
j=1

To see this, let z € X and r > 0 be given, and let us show that
(4.8.4) B(z, )N ( N Uj) # 0.
j=1

Because U; is dense in X, there is a y; € Uy such that d(x,y1) < r. Let us
choose 1 > 0 so that r; <1,

(485) B(ylurl) g Ulv
and
(4.8.6) d(z,y1) +r <.

This uses the hypothesis that U; be an open set to get (4.8.5). Note that
(487) B(ylvrl) C B(ZL‘,T‘), E(ylv”"l) g?(z,’l”),

by (4.8.6).
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Repeating the process, we get an infinite sequence {yj};?';l of elements of
X and an infinite sequence {r;}32, of positive real numbers with the following
properties. First,
(4.8.8) r; <1/j

for each j > 1. Second, -
(489) B(yj,rj) Q Uj

for every j > 1. Third, (4.8.6) holds when j = 1, and otherwise
(4.8.10) dyj—1,y;) +r5 <7ja

when j > 2. This implies that

(48.11)  B(yj,rj) € B(yj—1,75-1), B(y;,75) € B(yj—1,75-1)

when j > 2.

More precisely, we can do this when j = 1, as before. Suppose that y; € X
and 7; > 0 have been chosen with these properties for some j > 1, and let us
see how we can choose y;41 and r;4;. Because U;1 is dense in X, there is a
Yj+1 € Ujq1 such that
(4.8.12) d(yj, Yj+1) <rj-

We can choose 711 > 0 so that ;11 <1/(j+1),

(4.8.13) B(yj+1,7541) € Ujs,
and
(4.8.14) d(Ys, Yj+1) +1j41 <75

This uses the hypothesis that U; ;1 be an open set to get (4.8.13), as before.
If 1 <j <l then

(4.8.15) B(yi,m1) € B(y;,75), By, m) € B(y;,75),

by (4.8.11). In particular,

(4.8.16) B(yi,m) C B(x,7), B(yi,m) C B(x,r)

for every | > 1, by (4.8.7). Using (4.8.8) and (4.8.15), we get that
(4.8.17) {yi1}72; is a Cauchy sequence in X.

Hence {y;}72, converges to an element y of X, because X is complete.
Observe that y; € B(z,r) for every | > 1, by (4.8.16), so that

(4.8.18) y € B(z,r).

Similarly, for each j > 1, we have that y; € B(y;,r;) when [ > 1, by (4.8.15).
This implies that .
(4.8.19) y € Bly;,rj)
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for every j > 1. It follows that
(4.8.20) y e U;

for every j > 1, because of (4.8.9). Thus
(4.8.21) y € B(z,r)N ( m Uj),
j=1

as desired.
Somse related results will be mentioned in the next section.

4.9 The interior of a set

Let (X,d(-,-)) be a metric space. The interior E° of a subset E of X is the set
of x € E for which there is an r > 0 such that B(z,r) C E. It is easy to see
that
(4.9.1) X\E°=X\E.
In particular, E° = () if and only if X \ E is dense in X.

Let E4, Es, E3,... be an infinite sequence of closed subsets of X such that
E? = () for every 7 > 1. If X is complete, then the Baire category theorem
implies that

(oo}
(4.9.2) U E; has empty interior
j=1
too. More precisely, X \ Ej is a dense open set in X for each j, so that

(4.9.3) ﬂ (X \ Ej) is dense in X
j=1

when X is complete. This means that X \ (U;‘;l E]—> is dense in X, as desired.
A subset A of X is said to be nowhere dense in X if

(4.9.4) the closure A of A in X has empty interior.
A subset B of X is said to be of first category in X, or meager, if

(4.9.5) B can be expressed as the union

of a sequence of nowhere dense sets.

Otherwise, B is said to be of second category in X, or nonmeager. If B C X is
of first category and X is complete, then it follows that

(4.9.6) B° =.

If By, By, Bs,... is an infinite sequences of subsets of X of first category,
then it is not too difficult to show that

(4.9.7) D B
=1

is of first category in X as well.



Chapter 5

Equicontinuity and
sequences of functions

Let {f; 521 be a sequence of mappings from a set X into a metric space Y. In
some situations, we might like to find a subsequence {fj,}72, of {f;}32, that
converges to a mapping f from X into Y, at least in some sense. If X is a
metric space too, then we may be interested in additional continuity conditions
on the f;’s, and on f. In particular, X may be a subset of R™ for some positive

integer n. These and related matters will be discussed in this chapter.

5.1 Pointwise convergent subsequences

Let E be a nonempty set with only finitely or countably many elements, and let
Y be a metric space. Also let {f;}52; be a sequence of mappings from E into
Y. Suppose that for each « € E there is a sequentially compact set K(z) CY
such that

(5.1.1) fi(z) € K(z)

for every j > 1. We would like to show that there is a subsequence {fj, }7°, of
{fj}32, that converges pointwise to a mapping f from E into Y, with

(5.1.2) f(z) € K(x)

for every x € E. Remember that compact subsets of Y have the limit point
property, and thus are sequentially compact.
Of course, (5.1.1) implies that

(5.1.3) {fi(2)}72; is a bounded sequence in Y.

If Y is the complex plane, or R" for some positive integer n, with the standard
Euclidean metric, and if {f;(z)}32, is a bounded sequence in Y, then there is
a sequentially compact set K (z) C Y such that (5.1.1) holds for each j.

69
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Suppose first that F has only finitely many elements x1,...,z,. Using se-
quential compactness of K'(z;), we can get a subsequence {f;,}72, of {f;}32;
such that {f;, (z1)}2, converges to an element f(x1) of K(z1). If n > 2, then
we can use sequential compactness of K(z3) to get a subsequence {f;, }72; of
{f5, 372, such that {fj, (w2)}72, converges to an element f(x2) of K(x2). Note
that {f;, (z1)}72, converges to f(x1) in Y, because a subsequence of a conver-
gent sequence converges to the same limit. We can repeat the process until we
get a subsequence of {f;}52, that converges pointwise on F in this case.

Suppose now that E is countably infinite, and let 1, x2,x3,... be an enu-
meration of the elements of E. As before, we can use sequential compactness of
K(x1) to get a subsequence of {f;}52,; that converges pointwise at z1. Repeat-
ing the process, we get a sequence of subsequences of {f; 524 with the following
properties. First, for each r € Z,

(5.1.4) the rth subsequence converges pointwise at

to an element of K(z,).
Second, if r > 2, then
(5.1.5) the rth subsequence is a subsequence of the (r — 1)th subsequence.

The second property ensures that the rth subsequence is a subsequence of all
the previous subsequences, and of the initial sequence {f;}32;. Combining this
with the first property, we get that the rth subsequence converges pointwise at
each of the previous points, with the same limits as the previous subsequences.

Let f be the mapping from F into Y such that for each r > 1, f(x,) is the
limit of the rth subsequence of {f;}32, at x,. Thus

(5.1.6) f(z) € K(z,)

for every r > 1, by construction. We would like to show that there is a subse-
quence of {f;}52, that converges to f pointwise on E.

Consider the sequence of mappings {g,}>2; from E into Y obtained by
taking g, to be the nth term of the nth subsequence mentioned before for each
n € Z4. One can check that

(5.1.7) {gn}nzy is a subsequence of {f;}72;.
Similarly, for each r € Z,
(5.1.8) {gn}o2, is a subsequence of the rth subsequence mentioned earlier.

This implies that

(5.1.9) {gn(z,)};2, converges to f(x,)
in Y. It follows that
(5.1.10) {gn(z,)};2; converges to f(x,)

in Y for each r € Z, as desired.
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5.2 Equicontinuity

Let (X,dx) and (Y,dy) be metric spaces. A collection £ of mappings from X
into Y is said to be equicontinuous at a point x € X if for every € > 0 there is
a ¢ > 0 such that

(5.2.1) dy (f(z), f(w)) <e

for every f € £ and w € X with dx(z,w) < §. In particular, this implies that
every f € £ is continuous at z.

Similarly, £ is said to be uniformly equicontinuous on X if for every ¢ > 0
there is a § > 0 such that (5.2.1) holds for every z,w € X with dx(z,w) < 4.
This implies that £ is equicontinuous at every point in X, and that every element
of £ is uniformly continuous on X.

If X is compact, then it is well known that every continuous mapping from
X into Y is uniformly continuous. In this case, if £ is equicontinuous at every
point in X, then one can show that

(5.2.2) € is uniformly equicontinuous on X,

using essentially the same argument.

Suppose for the moment that £ has only finitely many elements. If x € X
and every f € £ is continuous at x, then it is easy to see that £ is equicontinuous
at z. Similarly, if every element of £ is uniformly continuous on X, then & is
uniformly equicontinuous on X.

Let C be a nonnegative real number, and suppose that

(5.2.3) every element of £ is Lipschitz with constant C.

It is easy to see that & is uniformly equicontinuous on X in this case. There
is an anlogous statement for Lipschitz or Holder continuity conditions of any
order o > 0, as in Section A.2.

Let {fj};?';l be a sequence of mappings from X into Y, and let x be an
element of X. We say that {f; 52 is equicontinuous at z if the collection of
fi’s, j € Zy, is equicontinuous at z. Suppose that {f; }?0:1 converges pointwise
to a mapping f from X into Y, and that {f;}32, is equicontinuous at z. We
would like to check that
(5.2.4) f is continuous at x

as well under these conditions. Let ¢ > 0 be given, so that there is a § =
d(xz,€) > 0 such that

(5.2.5) dy (fj(@), fi(w)) <e

for every j € Z; and w € X with dx(z,w) < . If w € X satisfies dx (z,w) < 9,
then one can check that

(5.2.6) dy (f(x), f(w)) <,
using (5.2.5) and the fact that {f;(z)}72; and {f;(w)}52; converge to f(x) and
f(w) in Y, respectively, by hypothesis. More precisely,

dy (f(z), f(w)) < dy(f(@), f;(2)) +dy (fj(x), f;(w)) + dy (f;(w), f(w))
(5.2.7) < dy (fi (@), f(2)) + €+ dy (f;(w), f(w))
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for every j € Z; and w € X with dx(z,w) < 4, and the right side is arbitrarily
close to € when j is sufficiently large. This implies that f is continuous at z, as
desired.

Similarly, a sequence {f;}32; of mappings from X into Y is said to be
uniformly equicontinuous on X if the collection of f;’s, j € Z,, is uniformly
equicontinuous on X. If { fj}f';l is uniformly equicontinuous on X, and if
{fi}521 converges pointwise to a mapping f from X into Y, then one can verify
that

(5.2.8) f is uniformly continuous on X.

This is basically the same as the argument in the preceding paragraph, except
that 6 = d(e) does not depend on z € X.

Let C be a nonnegative real number again, and let {f; 721 be a sequence
of mappings from X into Y such that f; is Lipschitz with constant C' for each
j- I {fj}32, converges pointwise to a mapping f from X into Y, then one can
check that
(5.2.9) f is Lipschitz with constant C

too. There is an analogous statement for Lipschitz or Holder continuity condi-
tions of any order o > 0, as before.

5.3 Uniformly Cauchy sequences

Let X be a set, and let (Y,dy) be a metric space. Let us say that a sequence
{fi}521 of mappings from X into Y is uniformly Cauchy on X if for every € > 0
there is a positive integer L(€) such that

(5.3.1) dy (fj(@), filz)) <e

for every € X and j,l > L(e). If X # () and the f;’s are bounded mappings
from X into Y, then it is easy to see that this is equivalent to the condition
that {f; };’il be a Cauchy sequence with respect to the supremum metric on the
space of bounded mappings from X into Y. This is analogous to the equivalence
between uniform convergence and convergence with respect to the supremum
metric for bounded mappings from X into Y, as in Section 1.11.

If {f; }J"‘;l is any sequence of mappings from X into Y that converges uni-
formly to a mapping f from X into Y, then one can check that

(5.3.2) {fj}521 is uniformly Cauchy on X.

This is analogous to the fact that convergent sequences in a metric space are
Cauchy sequences.

Let {f;}52; be a uniformly Cauchy sequence of mappings from X into Y.
In particular, this implies that

(5.3.3) {fj(z)}32, is a Cauchy sequence in Y’
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for every x € X. If Y is complete, then it follows that {f; 52, converges
pointwise to a mapping f from X into Y. One can verify that

(5.3.4) {fj}521 converges uniformly to f on X

in this situation. This is analogous to the fact that the space B(X,Y) of bounded
mappings from X into Y is complete with respect to the supremum metric when
X # () and Y is complete, as in Section 1.12.

Suppose now that (X, dx) is a metric space too, and let {f;}32; be a uni-
formly Cauchy sequence of mappings from X into Y. Let x € X be given, and
suppose that f; is continuous at « for each j € Z,. Under these conditions,

(5.3.5) {fi}521 is equicontinuous at z.
To see this, let € > 0 be given, and let L(e/3) € Z, be as before, so that

(5.3.6) dy (fj(w), filw)) < €/3

for every w € X and 4,1 > L(¢/3). It follows that

dy (fj(z), fj(w)) < dy(f;(2), fi(z)) +dy (fi(z), fi(w)) + dy (fi(w), f;(w))
(5.3.7) < dy(fi(x), filw)) +2¢/3

for every w € X and 4,1 > L(¢/3).
If I > L(e/3), then we can use the continuity of f; at x to get a §;(x,¢/3) > 0
such that

(5.3.8) dy (fi(z), filw)) <€/3
for every w € X with
(5.3.9) dx (z,w) < &(z,€/3).

Combining this with (5.3.7), we get that

(5.3.10) dy (fj(@), fi(w)) <e

for every j > L(e/3) and w € X such that (5.3.9) holds. We may as well take
I = L(e/3) here.

We would like to find a §(x,€) > 0 such that (5.3.10) holds for every j € Z
and w € X with

(5.3.11) dx(z,w) < d(z,€).

This can be obtained from the previous statement for j > L(e/3) and the
continuity of f; at  when j < L(¢/3).
Similarly, if f; is uniformly continuous on X for each j > 1, then

(5.3.12) {f3}521 is uniformly equicontinuous on X.
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5.4 Equicontinuity and uniform convergence

Let (X,dx) and (Y, dy) be metric spaces again, and let {f;}52, be a sequence
of mappings from X into Y. Suppose that

(5.4.1)  {f;}32, converges pointwise to a mapping f from X into Y,

and that
(5.4.2) {fj}521 is equicontinuous at every z € X.

Let € > 0 be given, so that for each z € X there is a d(x,¢) > 0 such that

(5.4.3) dy (fj(x), f5(w)) < €/3
for every j € Z, and w € X with dx(z,w) < §(z,€). This implies that
(5.4.4) dy (f(2), f(w)) < €/3

for every z,w € X with dx(z,w) < §(x,€), as in Section 5.2. Tt follows that

(5.45)  dy(fj(w), f(w))
< dy (fi(w), f5(2) + dy (f(2), f(2)) + dy (f(2), f(w))
< 2¢/3+dy(f;(2), f(2))

for every j € Zy and z,w € X with dx(z,w) < d(x,¢€), using the triangle
inequality twice in the first step, and (5.4.3), (5.4.4) in the second step.
If € X, then there is a positive integer L(x,¢€) such that

(5.4.6) dy (fi(z), f(z)) < €/3

for every j > L(z,¢€), because of (5.4.1). Combining this with (5.4.5), we obtain
that

(5.4.7) dy (fj(w), f(w)) < e
for every z € X, j > L(x,¢), and w € X with dx(z,w) < §(z,¢€).
Let K be a compact subset of X. The collection of open balls

(5.4.8) Bx(z,6(z,€))
in X centered at elements x of K is an open covering of K in X. Because K is
compact, there are finitely many elements z1,...,z, of K such that
(5.4.9) K C | Bx(a1,6(z1,¢€)).
=1
Put
(5.4.10) Lk (e) = max L(xy,e€).

1<i<n

It follows that (5.4.7) holds for every w € K and j > Lg(e), so that

(5.4.11) {fj}521 converges to f uniformly on K
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under these conditions.
If {f;}52, is uniformly equicontinuous on X, then we can take d(z, ¢) = d(e)
to be independent of z € X. In this case, one can check that

(5.4.12) {f;}721 converges to f uniformly on totally bounded subsets of X,

using an argument like the one in the preceding paragraph.

5.5 Equicontinuity and Cauchy sequences

Let (X,dx), (Y, dy) be metric spaces, and let {f;}72; be a sequence of mappings

from X into Y. Also let E be a subset of X, and suppose that for every w € F,
(5.5.1) {fj(w)}72, is a Cauchy sequence in Y.

If x € X is a limit point of F, and if

(5.5.2) {f;}721 is equicontinuous at z,
then
(5.5.3) {fj(x)}32, is a Cauchy sequence in Y.

To see this, let € > 0 be given. Because of (5.5.2), there is a ¢ > 0 such that

(5.5.4) dy (fj(x), fi(w)) <€/3

for every j > 1 and w € X with dx(z,w) < 4. Thus

dy (fj(), f;(w)) + dy (f;(w), fi(w)) + dy (fi(w), fi(z))

(5.5.5)  dy(fj(x), fi(x))
<
< 2€/3+dy (f;(w), fi(w))

for every j,0 > 1 and w € X with dx (z,w) < 0. This uses the triangle inequality
twice in the first step, and (5.5.4) twice in the second step, applied to j and .

If z is a limit point of E, then there is a w € E such that dx(z,w) < 4. In
this case, (5.5.1) implies that there is a positive integer L such that

(5.5.6) dy (fj(w), filw)) <e/3
for every j,1 > L. Combining this with (5.5.5), we get that
(5.5.7) dy (fj(z), fi(z)) <e

for every j,1 > L, as desired. If Y is complete as a metric space, then it follows
that {f;(x)}52, converges in Y.
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5.6 Equicontinuity and subsequences

Let (X, dx) and (Y, dy) be metric spaces again, and let { f;}32, be a sequence of
mappings from X into Y. Suppose that for every x € X there is a sequentially
compact set K(x) CY such that

(5.6.1) fi(z) € K(z)
for every j > 1. Suppose also that
(5.6.2) X is separable

as a metric space, and let E be a dense set in X with only finitely or countably
many elements. Thus

(5.6.3) there is a subsequence {f;, };2; of {f;}72,

that converges pointwise on F,

as in Section 5.1.
Of course, if

(5.6.4) {fj}521 is equicontinuous at every z € X,
then
(5.6.5) {f;, }i21 is equicontinuous at every z € X

too. In this case,

(5.6.6) {f;,(z)}i2; is a Cauchy sequence in YV’
for every x € X, as in the previous section. It follows that
(5.6.7) {f;.(x)};2, converges to an element of K (z)

for each € X, because a Cauchy sequence of elements of a sequentially compact
set converges to an element of that set, as mentioned near the end of Section
4.7.

Let f(x) be the limit of {f;, (x)}2, for every z € X, so that f is a mapping
from X into Y, and

(5.6.8) {f;,}i2, converges to f pointwise on X.
Note that
(5.6.9) f is continuous on X,

because of (5.6.5), as in Section 5.2. We also get that
(5.6.10) {f; }i2; converges to f uniformly on compact subsets of X,

as in Section 5.4.
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Similarly, if

(5.6.11) {fj}721 is uniformly equicontinuous on X,
then

(5.6.12) {f;,}i2, is uniformly equicontinuous on X,
(5.6.13) f is uniformly continuous on X,

and

(5.6.14) { f;,};2, converges to f uniformly on totally bounded subsets of X.

Of course, this is all a bit simpler when X is compact. Note that X is
automatically separable in this case, as in Section 4.3.

Let us now take X = [0,1] and Y = R, using the standard Euclidean metric
on R and its restriction to [0,1]. Put f;(z) = 27 on [0,1] for every j > 1, and
remember that {f;}32, converges pointwise on [0, 1], as in Section 1.8. One can
check that {f;}32, is equicontinuous at = € [0,1] when z < 1, and not when
x = 1. More precisely, if 0 < r < 1, then {f; };";1 is uniformly equicontinuous
on [0,r], and {f;}32, converges to 0 uniformly on [0,r]. However, there is no
subsequence of {f;}32, that converges uniformly on [0, 1].

One can use uniformly convergent subsequences to get existence of solutions
to ordinary differential equations under suitable conditions, as in Exercises 25,
26 on pl70f of [155], for instance. Note that uniqueness of solutions involves
additional conditions on the differential equation, as in Exercises 27, 28 on p119
of [155].

The question of finding more elementary approaches to existence theorems
like this was raised in [95]. Some responses to this question can be found in
[55, 186, 187].

5.7 Pointwise and uniform boundedness

Let X be a set, let (Y,dy) be a metric space, and let £ be a collection of
mappings from X into Y. If x € X, then put

(5.7.1) E(x) ={f(x): f €&},

which is a subset of Y. Let us say that £ is pointwise bounded on a subset A of
X if for every x € A,
(5.7.2) E(x) is bounded in Y.

Similarly, put

(5.7.3) EA)=JE@) =] fA)={f@):xcA feE},

z€EA feé&
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which is a subset of Y as well. We say that & is uniformly bounded on A when
(5.7.4) E(A) is bounded in Y.

If € is uniformly bounded on A, then £ is pointwise bounded on A, and the
restriction of every f € £ to A is bounded as a mapping from A into Y. Suppose
that X,Y # 0, and let £ be a collection of bounded mappings from X into Y.
One can check that
(5.7.5) € is uniformly bounded on X

if and only if £ is bounded as a subset of the space B(X,Y") of bounded mappings
from X into Y, with respect to the supremum metric.

Now let (X, dx) be a metric space too, and let £ be a collection of mappings
from X into Y that is equicontinuous at a point € X. Let ¢ > 0 be given, so
that there is a §(z, €) > 0 such that

(5.7.6) dy (f(z), f(w)) <€

for every f € £ and w € X with dx(z,w) < 0(z,€). If there is a wy € X such
that dx (z,wo) < dé(x,€) and

(5.7.7) E(wp) is bounded in Y,

then it is easy to see that (5.7.2) holds. Similarly, if (5.7.2) holds, then

(5.7.8) £ is uniformly bounded on the open ball Bx(z,d(x,€)).
Suppose for the moment that

(5.7.9) £ is equicontinuous at every z € X.

One can check that

(5.7.10) {u € X : £(u) is bounded in Y} is a closed set in X,

using the remarks in the preceding paragraph. If K C X is compact, and

(5.7.11) £ is pointwise bounded on K,

then one can verify that

(5.7.12) £ is uniformly bounded on K.
If
(5.7.13) £ is uniformly equicontinuous on X,

then we can take d(x,€) = d(¢) to be independent of x € X in the preceding
paragraph. In this case, if

(5.7.14) A C X is totally bounded
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and
(5.7.15) £ is pointwise bounded on A,
then
(5.7.16) £ is uniformly bounded on A.

Suppose that (5.7.9) holds again. One can check that the set of u € X
such that £(u) is totally bounded in Y is a closed set in X. This uses the
equicontinuity condition for all € > 0, while a single € > 0 would suffice for the
remarks about boundedness in the previous paragraph. If K C X is compact,
and £(z) is totally bounded in Y for every z € K, then £(K) is totally bounded
in Y. If £ is uniformly equicontinuous on X, A C X is totally bounded, and
E(x) is totally bounded in Y for every x € A, then £(A) is totally bounded in
Y.

5.8 Total boundedness in B(X,Y)

Let X be a nonempty set, and let (Y, dy ) be a nonempty metric space. Remem-
ber that B(X,Y) is the space of bounded mappings from X into Y, and that
0(f,g) denotes the supremum metric on B(X,Y), as in Section 1.11. Suppose
that

(5.8.1) £ C B(X,Y) is totally bounded with respect to 0(-,-).

Let x € X be given, and remember that £(x) is the subset of Y defined in
(5.7.1). Tt is easy to see that

(5.8.2) E(x) is totally bounded in Y.
Suppose that (X, dx) is a metric space too, and that

(5.8.3) every f € £ is continuous at x.

We would like to check that

(5.8.4) £ is equicontinuous at .

Let € > 0 be given. Because € is totally bounded with respect to the supremum

metric, there are finitely many elements f1, ..., f,, of £ such that for every f € £
there is a positive integer 7 < n such that
(5.8.5) 0(f, f;) <e/3.
By hypothesis, f; is continuous at x for each j = 1,...,n, so that there is a
d;(x) > 0 such that
(5.8.6) dy (fj(2), fj(w)) <e€/3
for every w € X with dx (z,w) < §;(z).
Put
(5.8.7) d(xz) = min §;(z) > 0.
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Let f € £ be given, and let 7 < n be as in (5.8.5). Thus

(5.88) dy(f(x), f(w))
dy (f(2), f;(@)) + dy (f;(x), f;(w)) + dy (f;(w), f(w))

<
< dy(fi(), fi(w)) +2¢€/3

for every w € X, using the triangle inequality in the first step. It follows that
(5.8.9) dy (f(z), f(w)) <e/34+2¢/3=¢
when dx (z,w) < d(z)

<
(5.8.4) holds, as desired.
Similarly, if

0j(x), using (5.8.6) in the first step. This shows that

(5.8.10) every f € £ is uniformly continuous on X,
then
(5.8.11) £ is uniformly equicontinuous on X.

This is essentially the same as before, but with ¢;(z) and hence §(x) independent
of x.

Let A be a subset of X, and remember that £(A) is the subset of Y defined
in (5.7.3). Suppose that

(5.8.12) for each f € &, f(A) is totally bounded in Y.

One can check that
(5.8.13) E(A) is totally bounded in Y

as well under these conditions. Of course, (5.8.1) holds automatically when &
has only finitely amy elements. However, (5.8.12) does not holds automatically
in this case.

5.9 Equicontinuity and total boundedness

Let (X,dx) and (Y, dy) be nonempty metric spaces again. If f is a uniformly
continuous mapping from X into Y and A is a totally bounded subset of X,
then it is not difficult to show that

(5.9.1) f(A) is totally bounded in Y.

Suppose for the rest of the section that

(5.9.2) X is totally bounded with respect to dx.

This implies that uniformly continuous mappings from X into Y are bounded,
because totally bounded subsets of Y are bounded. Let 6(-,-) be the supremum
metric on the space B(X,Y) of bounded mappings from X into Y, as usual.
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Suppose that

(5.9.3) € is a uniformly equicontinuous

collection of mappings from X into Y.

In particular, every f € £ is uniformly continuous as a mapping from X into
Y, and hence bounded, as in the preceding paragraph. Let ¢ > 0 be given, so
that there is a § > 0 such that

(5.9.4) dy (f (), f(w)) < ¢/3
holds for every f € £ and z,w € X with dx(z,w) < §. Because X is totally
bounded, there are finitely many elements x1,...,z, of X such that
(5.9.5) X = J Bx(x;,9),
j=1

where Bx (z,r) is the open ball in X centered at x € X with radius » > 0, as
usual.

Let f,g € £ and « € X be given, so that dx(z;,x) < ¢ for some j < n, by
(5.9.5). Under these conditions, we have that

(5.9.6) dy (f(z;), f(@)), dy (9(z;), 9(x)) < €/3,

as in (5.9.4). This implies that

(5.9.7)  dy(f(2), 9(x))
< dy(f(2), f25) + dy (f(25), 9(25)) + dy (9(x5), 9(2))
< dy(f(z;),9(z;)) +2€/3,

using the triangle inequality in the first step. Thus

(5.9.8) dy (f(z),9(x)) < max dy(f(z;),9(x;)) +2¢€/3

1<j<n

for every x € X. It follows that

(5.9.9) 0(f,9) < max dy(f(z;),9(z;)) +2¢/3
for every f,g € &.
Suppose that

(5.9.10) Ex)={f(z): fe&}

is totally bounded in Y for each z € X, in addition to the other conditions
mentioned in the previous paragraphs. Using this and (5.9.9), one can check
that

(5.9.11) £ is totally bounded with respect to the supremum metric.
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5.10 Equiconvergence of limits

Let (X,dx) and (Y, dy) be metric spaces, let A be a subset of X, and suppose
that z € X is a limit point of A in X. Also let £ be a collection of mappings
from FE into Y, and suppose that for each f € &, the limit

(5.10.1) lim f(w) = qf

exists in Y. Let us say that we have equiconvergence of the limit for f € £ if
for every € > 0 there is a 6 > 0 such that

(5.10.2) dy (f(w),qr) <e

for every f € £ and w € A with dx(z,w) < § and w # x.

More precisely, this condition includes the existence of the limit as in (5.10.1)
for each f € £. If £ has only finitely many elements, and the limit as in (5.10.1)
exists for each f € &£, then one can check that we have equiconvergence of the
limit for f € £.

Suppose for the moment that A = X, so that x is a limit point of X. In
this case, it is well known and easy to see that a mapping f from X into Y is
continuous at x if and only if

(5.10.3) lim f(w) = f(z),
w—T
where the existence of the limit is part of this condition. One can verify that
we have equiconvergence of the limit for f € £, with ¢y = f(z) for every f € £,
exactly when £ is equicontinuous at x.
Let A be any subset of X again, with x € X a limit point of A, and let
{f;}52, be a sequence of mappings from A into Y. Suppose that for each

j=1
positive integer j, the limit
(5.10.4) lim f;(w) = q,

w—ax

exists in Y. We can define equiconvergence of the limit for {f; 52 in the same
way as before, by considering the collection of f;’s, j € Z.
Suppose for the moment that

(5.10.5) for each w € A, {f;(w)};2, is a Cauchy sequence in Y.

If we have equiconvergence of the limit in (5.10.4) for {f;}32,, then one can
show that

(5.10.6) {g;}721 is a Cauchy sequence in Y.

This is very similar to the argument in Section 5.5. If Y is complete as a metric
space, then it follows that

(5.10.7) {g;}721 converges to an element g of Y.
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Suppose now that {f; };";1 converges pointwise to a mapping f from A into
Y. If we have equiconvergence of the limit in (5.10.4) for {f;}32,, and if (5.10.7)
holds, then one can show that
(5.10.8) 1324 f(w) =q.

This is analogous to the argument for equicontinuous sequences of functions
that converge pointwise, as in Section 5.2.

Let {f;}52; be a uniformly Cauchy sequence of mappings from A into Y,
as in Section 5.3. Suppose that the limit as in (5.10.4) exists for each j € Z..
Under these conditions, one can check that (5.10.6) holds. Using this, one can
verify that we have equiconvergence of the limit as in (5.10.4) for {f;}52;. This
is analogous to the argument for equicontinuity in Section 5.3.

Suppose that {f; 524 converges uniformly to a mapping f from A into Y,
so that {f; };‘;1 is uniformly Cauchy on A in particular. Suppose also that the
limit as in (5.10.4) exists for every j, and that (5.10.7) holds. Using the remarks
in the previous two paragraphs, we get that (5.10.8) holds too.

5.11 Equiconvergence and differentiability

Let a, b be real numbers with a < b, and let f be a real-valued function on [a, b].
As usual, the derivative of f at = € [a,b] is defined by
(5.11.1) f'(z) = lim M,

w—T w—2x
when the limit exists. Of course, this is really a one-sided limit and derivative
when x = a or b.

Let & be a collection of real-valued functions on [a, b], each of which is differ-
entiable at = € [a,b]. In this case, we may be interested in the equiconvergence
of the limit of difference quotients in (5.11.1) for f € &£, as in the previous
section.

Suppose for the moment that each f € £ is differentiable at every point in
[a,b]. If the collection
(5.11.2) E={f:reé&

of derivatives of elements of £ is equicontinuous at x, then one can check that
we have equiconvergence of the limit as in (5.11.1) for f € &£, using the mean
value theorem.

Let {f;}32, be a sequence of real-valued functions on [a,b], and suppose
that f; is differentiable at a point = € [a, b] for each j. As before, we may be
interested in the equiconvergence of the limit

(5.11.3) Fla) = tim 20 = 5@

J w—x w—2x

for {£;}521-
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Suppose for the moment that f; is differentiable at every point in [a,b] for
each j. If {f; 521 is equicontinuous at z, then we have equiconvergence of the
limit as in (5.11.3) for {f;}52,, as before.

Suppose now that {f; 521 converges pointwise to a real-valued function f
on [a,b]. If z,w € [a,b] and x # w, then it follows that

1L4) fo L) = @) _ fw) = f@)

If f; is differentiable at x for each j, and we have equiconvergence of the limit
as in (5.11.3) for {f;}52,, then {f](z)}32, is a Cauchy sequence in R, as in the
previous section. Of course, this means that {f}(x)}32; converges in R, because
R is complete with respect to the standard Euclidean metric. Using this, we

get that f is differentiable at x, with

(5.11.5) fi(x) = lim fi(x),
j—oo
as in the previous section.
Suppose that f; is differentiable at a point = € [a, b] for each j again. Suppose
also that the sequence of difference quotients

fi(w) — f;(z)

w—2

(5.11.6)

is uniformly Cauchy as a sequence of real-valued functions of w on [a,b] \ {z}.
This implies that {f;(2)}52, is a Cauchy sequence, as in the previous section.
This means that { f}(x)}32, converges in R, because R is complete with respect
to the standard Euclidean metric. In this case, we get equiconvergence of the
limit as in (5.11.3) for {f;}32; too, as in the previous section.

Note that
fi(w) = fi(@)  filw) = file) _ (fi(w) = filw)) = (fi(z) = filz))

w— w—x w—x

(5.11.7)

for every w € [a,b]\ {z} and j,! > 1. The uniform Cauchy condition for (5.11.6)
on [a,b] \ {z} means that if j, | are sufficiently large, then (5.11.7) is as small
as we like, uniformly over w € [a,b] \ {x}. Suppose that f; is differentiable
at every point in [a,b] for each j, and that {f;}32; is uniformly Cauchy as a
sequence of real-valued functions on [a,b]. In this case, one can use the mean
value theorem to get that (5.11.7) is as small as we like when j, [ are sufficiently
large, uniformly over z,w € [a,b] with 2 # w. This is related to Theorem 7.17

on pl52 of [155].



Chapter 6

More on sums and norms

6.1 Weierstrass’ criterion

Let X be a nonempty set, and let a;(x), as(x), asz(x), ... be an infinite sequence
of complex-valued functions on X. Alsolet Ay, Ao, As, ... be an infinite sequence
of nonnegative real numbers such that

(6.1.1) |aj(z)] < A;

for every x € X and j > 1. Suppose that

(6.1.2) >4

converges, which implies that
(6.1.3) > aj(x)
j=1

converges absolutely for every x € X. Under these conditions, the sequence of
partial sums

(6.1.4) Z aj(z)
j=1

converges to (6.1.3) uniformly on X. This is a well-known criterion of Weier-
strass for uniform convergence.
To see this, observe that

(6.15) Y a;(@) = a;@)|=| D aj(@)| < Y lajl@)l < D 4
Jj=1 Jj=1 j=n+1 j=n+1 j=n+1

for every x € X and n > 1. The convergence of (6.1.2) implies that the right
side of (6.1.5) tends to 0 as n — co. It follows that (6.1.4) converges to (6.1.3)
uniformly on X, because the right side of (6.1.5) does not depend on z.

85
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Suppose that (X,d(-,-)) is a metric space, and that a;(z) is a continuous
complex-valued function on X for each j > 1, with respect to the standard
Euclidean metric on the complex plane C. This implies that the partial sums
(6.1.4) are continuous on X as well. If (6.1.2) converges, then it follows that
(6.1.3) is continuous on X too.

Now let

(6.1.6) > a2
j=0

be a power series with complex coefficients. Suppose that

o0

(6.1.7) > laglr!

=0

converges for some nonnegative real number r, which implies that (6.1.6) con-
verges absolutely for every z € C with |z| < r. Using Weierstrass’ criterion, we
get that the partial sums

n
(6.1.8) > a2
j=0
converge to (6.1.6) uniformly on the closed disk
(6.1.9) {zeC:|z| <7}

Of course, (6.1.8) is continuous as a mapping from C into itself for each n > 0,
using the standard metric on C. In particular, the restriction of (6.1.8) to
(6.1.9) is continuous with respect to the restriction of the standard metric on C
to (6.1.9), so that (6.1.6) is continuous on (6.1.9) as well.

Suppose that 0 < p < oo has the property that (6.1.7) converges when
0 < r < p. This implies that (6.1.6) converges absolutely for every z € C with
|z| < p. Under these conditions, (6.1.6) defines a continuous complex-valued
function on
(6.1.10) {z € C:|z| < p},

with respect to the restriction of the standard metric on C to (6.1.10). To see
this, let zgp € C with |zg| < p be given, and let us check that (6.1.6) is continuous
at zg. Let r be a positive real number such that |zg| < r < p. The remarks in
the preceding paragraph imply that (6.1.6) is continuous on (6.1.9). One can
use this to verify that (6.1.6) is continuous at zy as a complex-valued function
on (6.1.10), because |zg| < .

6.2 Radius of convergence

Let
0 .
(6.2.1) > a2
7=0
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be a power series with complex coefficients, and let A be the set of nonnegative
real numbers r such that

(oo}
(6.2.2) > lag|r?
j=0

converges. Of course, 0 € A. If r € A, then
(6.2.3) [0,7] C A,

by the comparison test. If ¢ is a positive real number such that t ¢ A, then it
follows that
(6.2.4) [t,+00)N A= 0.

The radius of convergence of (6.2.1) can be defined as a nonnegative extended
real number by
(6.2.5) R = sup A.

If A =[0,00), then R = 4+00. Otherwise, R < 400, and A is either [0, R) or
[0,R]. If z € C and |z| < R, then (6.2.1) converges absolutely. In fact, (6.2.1)
defines a continuous function on

(6.2.6) {2 €C:|z| <R},

as in the previous section.

Let ¢ be a positive real number such that {|a;|/ 720 is a bounded sequence of
nonnegative real numbers. This means that there is a nonnegative real number
C such that
(6.2.7) la;|t! < C

for every j > 0. If r is any nonnegative real number, then we get that
(6.2.8) laj| 7 < C (r/t)?

for every 7 > 0. If r < ¢, then it follows that (6_.2.2) converges, by comparison
with the convergent geometric series E;io (r/t)7. This implies that

(6.2.9) 0,¢) C A,
so that t < R.
If (6.2.1) converges for some z € C, then
(6.2.10) lim a; 27 = 0.
j—o0

This implies that {a; 27 }320 is a bounded sequence of complex numbers, which
is the same as saying that {|a;|[2|7}52, is a bounded sequence of nonnegative
real numbers. It follows that |z| < R, as in the preceding paragraph.

Suppose that (6.2.2) converges for some positive real number r. If ry is a
nonnegative real number strictly less that r, then

(6.2.11) lim j (ro/r)! =0,
Jj—o0
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because ro/r < 1. In particular, {j (ro/r)’}32, is a bounded sequence of non-
negative real numbers, so that there is a nonnegative real number C such that

(6.2.12) j(ro/r)? < Co

for every j > 0. Thus _ )
(6.2.13) jlajlrg < Colag|r’

for every j > 0, which implies that
(6.2.14) > jlaglr
§=0

converges, by the comparison test. It follows that (6.2.14) converges when 7 is
strictly less than the radius of convergence R.

6.3 Termwise differentiation

Let a, b be real numbers with a < b, and let {f;}32, be a sequence of continuous
real or complex-valued functions on [a, b] that converges uniformly to a real or
complex-valued function f on [a, b], as appropriate. Thus f is also continuous on
[a, b], as in Section 1.8. Of course, we are implicitly using the standard Euclidean
metrics on R and C here, and the restriction of the standard Euclidean metric
on R to [a,b]. If x € [a, b], then put

(6.3.1) Fj(x) = /x fi@)dt
for every j € Z, and .
(6.3.2) Plz) = / () dt,

using standard Riemann integrals on the right sides of (6.3.1) and (6.3.2). Ob-
serve that

(6.3.3) |Fj(z)—F(z)] =

Lﬂnu»—ﬂowﬂ

IN

T b
/Nﬁ@—ﬂMﬁs/Nﬁ@—ﬂMﬁ

for every j > 1 and z € [a,b]. This implies that {F};}52; converges uniformly to
F on [a,b], because the right side of (6.3.3) tends to 0 as j — oo, and does not
depend on z. We also have that F/(x) = f;(x) for every j > 1 and x € [a, b], and
that F'(z) = f(z) for every x € [a, b], using the appropriate one-sided derivative
when x = a or b.

Now let {g; 521 be a sequence of continuously-differentiable real or complex-
valued functions on [a, b]. Thus, for each j € Z, the derivative g;(z) of g; exists
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at every x € [a, ], using the appropriate one-sided derivative when x = a or b,
and g is continuous on [a,b]. It follows that

(6:3.9 () = 950+ [ g5t0)

for every j > 1 and x € [a, b], by the fundamental theorem of calculus. Suppose
that {g;(a)}72, converges to a real or complex number g(a), as appropriate,
and that {g; j=1 converges uniformly to a real or complex-valued function f on
[a,b], as appropriate. Note that f is continuous on [a,b], as in Section 1.8. Let
g be the real or complex-valued function defined on [a, b] by

(6.3.5) o) = g(a)+ | T

for each = € [a,b]. Under these conditions, {g;}72, converges uniformly to g on
[a, b], as in the preceding paragraph. Of course, ¢’ = f on [a, b].

Let Z;io a; 27 be a power series with real or complex coeflicients, and sup-
pose that

(oo}
(6.3.6) > jlaglr?
j=0

converges for some positive real number r. In particular, this implies that
o0

(6.3.7) > lag|r?
j=0

converges, and we put

(6.3.8) fl@)=> aja’

j=0

for every € R with |z| < r. Similarly, put
(6.3.9) o(x) = Zj ajzi~!
j=1

for every € R with |z| < r, where the series on the right converges absolutely
because of the convergence of (6.3.6). Under these conditions, the partial sums
of the series on the right sides of (6.3.8) and (6.3.9) converge uniformly on
[-r,r], as in Section 6.1. By construction, the partial sums of the right side
of (6.3.9) are the same as the first derivatives of the partial sums of the right
side of (6.3.8). Using the remarks in the previous paragraph, we get that f is
differentiable on [—r, 7], with

(6.3.10) f'(@) = é(a)

for every x € [—r,7]. This uses the appropriate one-sided derivatives when
x = +7r, as usual.
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Suppose that 0 < p < 400 has the property that (6.3.7) converges when
0 < r < p. This implies that (6.3.6) converges when 0 < r < p too. More
precisely, if 3372 |a ] tJ converges for some ¢ > r, then (6.3.6) converges, as in
the previous section. In this situation, the series on the right sides of (6.3.8)
and (6.3.9) converge absolutely for every € R with |z| < p, so that f(z) and
¢(x) may be defined on (—p, p) as before. Using the remarks in the preceding
paragraph, we get that f is differentiable on (—p, p), with derivative given by
(6.3.10).

6.4 Cauchy products

Let Z;io aj and y_;°, by be infinite seris of complex numbers, and put

(641) Cp = Z a; b"—j
=0

for each nonnegative integer n. The infinite series Y ¢, is the Cauchy prod-
uct of the series 377 g a; and Y77 by. It is easy to see that

(6.4.2) ni;cn - (;ioaj) (ibz)

formally. In particular, if a; = 0 for all but finitely many j > 0, and b; = 0 for
all but finitely many [ > 0, then one can check that ¢, = 0 for all but finitely
many n > 0, and that (6.4.2) holds.

Suppose for the moment that the a;’s and b;’s are nonnegative real numbers,
so that the ¢,’s are nonnegative real numbers too. Observe that

N

(6.4.3) Técn < (Zaj) (Zijz)

j=0 1=0
for every nonnegative integer N. If 3°7° ja; and Y7, by converge, then
N 00 00
(6.4.4) S e < (Zaj) (Zbl)
n=0 j=0 1=0
for every N > 0. This implies that ZZOZO ¢, converges, with
(6.45) S (Xa) (2n).
n=0 §=0 1=0
We also have that

(6.06) (Ya)(Xn) =Sz

=0 1=0
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for every N > 0. If 3°72 a; and >7,°, b converge, then we get that

(64.7) (Ya)(Su) <> e
=0 =0 n=0

Of course, (6.4.2) follows from (6.4.5) and (6.4.7) in this situation.
Suppose now that Y% a; and )72 by are absolutely convergent series of
complex numbers. Clearly

(6.4.8) lenl < las]| [bn—s]
§=0

for each n > 0, by the triangle inequality. The right side of (6.4.8) is the same
as the nth term of the Cauchy product of 3372 |a;| and 37,2, [bi]. These two
series converge, by hypothesis, and so their Cauchy product converges as well,
as in the previous paragraph. This implies that fozo ¢, converges absolutely,
with

649) Sl <3 (Slatl) = (Xlasl) ().
n—=0 n=0 " j=0 =0 1=0

If the a;’s and b;’s are real numbers, then Y°7° a; and Y7° b can be ex-
pressed as differences of convergent series of nonnegative real numbers. In this
case, (6.4.2) can be obtained from the corresponding statement for nonnegative
real numbers, as in the previous paragraph. If the a;’s and b;’s are complex
numbers, then one can get (6.4.2) using the analogous statements for the real
and imaginary parts of the a;’s and b;’s.

Alternatively, consider

(6.4.10) > ajb,

5,120

where more precisely the sum is taken over all ordered pairs (7, 1) of nonnegative
integers j, . This sum can be identified formally with both sides of (6.4.2). The
left side of (6.4.2) corresponds to summing first over (j,1) such that j +1 = n,
and then summing over n > 0. The right side of (6.4.2) can be obtained by
summing over j and [ separately. If a; = 0 for all but finitely many j > 0,
and b; = 0 for all but finitely many [ > 0, then a; b = 0 for all but finitely
many (j,1), and all of these sums can be reduced to finite sums. If the a;’s and
b;’s are nonnegative real numbers, then (6.4.10) can be defined as a nonnegative
extended real number, as in Section 11.2. This sum can be expressed in terms of
iterated sums, as in Section 11.15. In particular, one can check that (6.4.10) is
finite when Z;io aj and Y% b; converge, in which case (6.4.10) is the same as
both sides of (6.4.2). Similarly, if Z;io aj and Y%, by are absolutely convergent
series of complex numbers, then

(6.4.11) 5 ol = (X ) (L)

3,120
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Thus a; b; is a summable complex-valued function of (4,1), so that (6.4.10) can be
defined as in Section 11.8. In this situation, (6.4.10) can be expressed in terms
of iterated sums, as in Section 11.16. This can be used to get that Y - ¢,
converges absolutely, and that both sides of (6.4.2) are equal to (6.4.10).
Suppose now that Y2 a; 27 and Y2, b 2! are power series with complex
coefficients. One can check that their Cauchy product is the power series

(6.4.12) > et

where ¢, is as in (6.4.1) for each n > 0.

6.5 Rearrangements

Let Z;’;l a; be an infinite series of real or complex numbers, and let = be a
one-to-one mapping from the set Z, onto itself. Under these conditions, the
infinite series

(6.5.1) > anq
=1

is called a rearrangement of Z;i1 a;. If a; = 0 for all but finitely many positive
integers j, then ar) = 0 for all but finitely many [ too, and it is easy to see
that

(6.5.2) > arp =) a;
=1 j=1

Suppose for the moment that a; is a nonnegative real number for each j > 1.
If n e Z,, then

n N
(6.5.3) > arp <> a4
=1 j=1

for every N > maxi<;<y m(l). Similarly,

n N
(6.5.4) D a; <> an
j=1 =1

for every N > maxj<j<, 7 '(j). This implies that Z;’il a; converges if and
only if 7%, ar(; converges, in which case (6.5.2) holds.

If Z;il a; is an infinite series of real or complex numbers, then it follows
that Y%, a; converges absolutely if and only if 372, ar () converges absolutely.
One can check that (6.5.2) holds in this situation as well. More precisely, if the
a;’s are real numbers, then one can reduce to the previous case by expressing
2;11 a; as a difference of convergent series of nonnegative real numbers. If the
a;’s are complex numbers, then one can consider their real and imaginary parts.
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6.6 Comparing norms on R", C"

Let n be a positive integer, and let
(661) Bj = (63‘717 ey ejm)

be the jth standard basis vector in R™ for each j = 1,...,n. Thus

(6.6.2) eji = 1 whenj=1I
= 0 when j#I.
If v=(v1,...,v,) € R", then v can be expressed as

n
(6.6.3) v= Zvj ej,
j=1

where the right side is a linear combination of elements of R". The e;’s may
also be considered as standard basis vectors in C". If v = (vy,...,v,) € C,
then v can be expressed as in (6.6.3) again, where now the right side is a linear
combination of elements of C™.

Let N be a norm on R™ or C", as in Sections 1.3 and 1.4. If v = (vy,...,v,)
is an element of R™ or C”, as appropriate, then

(6.6.4) N(v) = N(Eﬂ:vj &),
j=1

by (6.6.3). This implies that

n

(6.6.5) N(v) <> N(vje;) = Z vl N (ej),

j=1

using the triangle inequality for N in the first step, and the homogeneity condi-
tion for N in the second step. Note that this argument also works for seminorms
instead of norms.

It follows that

666 N < (max Ne) 3oyl = (max M) o

where ||v]|1 is as in (1.3.6) or (1.4.2), as appropriate. Remember that
(6.6.7) dy(v,w) = N(v —w)

is the metric on R™ or C", as appropriate, associated to N, as in (1.3.9) and
(1.4.4). Similarly, we let
(6.6.8) di(v,w) = ||lv — w1
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be the metric on R™ or C", as appropriate, associated to || - ||1, as in (1.3.11)
and (1.4.6). Thus

6. <
(6.6.9) dy(v,w) < (gfaanN(el)) dy (v, w)

for every v, w in R™ or C", as appropriate. In particular, the identity mapping
on R™ or C", as appropriate, is Lipschitz with respect to (6.6.8) on the domain
and (6.6.7) on the range.

Observe that

(6.6.10) N(v) < (iz\](e]y)l/z (i |vj|2>1/2
=1 j

j=1
for every v € R™ or C™, as appropriate, using the Cauchy—Schwarz inequality
(1.3.13) on the right side of (6.6.5). Equivalently, this means that

(6.6.11) N(v) < (ZN(ej)2)1/2 lollz,
=1

where ||v]]2 is the standard Euclidean norm of v, as in (1.3.5) or (1.4.1), as
appropriate. Remember that

(6.6.12) da (v, w) = [[v—wl2

is the standard Euclidean metric on R™ or C™, as appropriate, as in (1.3.10)
and (1.4.5). It follows that

(6.6.13) dy (v, w) < (ZN(61)2)1/2 do (v, w)
=1

for every v, w in R™ or C™, as appropriate. This implies that the identity
mapping on R™ or C", as appropriate, is Lipschitz with respect to (6.6.12) on
the domain and (6.6.7) on the range.

Using (6.6.5), we also get that

(6.6.14)  N(v) < (iN(e») max || = (iN(e») (-

for every v € R™ or C™, as appropriate. Here ||v|| is as in (1.3.7) or (1.4.3),
as appropriate. Let

(6.6.15) doo (v, W) = ||v — W0

be the metric on R™ or C", as appropriate, associated to || - || as in (1.3.12)
and (1.4.7). Note that

(6.6.16) dy (v, w) < (ZN(ej)) doo (v, W)
j=1
for every v, w in R™ or C", as appropriate. Hence the identity mapping on R"™

or C", as appropriate, is Lipschitz with respect to (6.6.15) on the domain and
(6.6.7) on the range.
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6.7 Another comparison

Let N be a norm on R" or C" for some n € Z, again. Observe that

(6.7.1) N(w) < N(w)+ N(v —w)
and
(6.7.2) N(w) < N(v)+ N(v—w)

for every v, w in R™ or C™, as appropriate. This implies that
(6.7.3) IN(v) — N(w)| = max(N(v) — N(w), N(w) — N(v)) < N(v — w),

for every v, w in R™ or C™, as appropriate. More precisely, the left side of
(6.7.3) is the usual absolute value of N(v) — N(w), as a real number.
Remember that

(6.7.4) N(v) < C vl

for some nonnegative real number C' and every v € R™ or C"”, as appropriate,
as in (6.6.11). Combining this with (6.7.3), we get that

(6.7.5) IN(v) = N(w)| < C|lv—wl|l2 = Cda(v,w)

for every v, w in R™ or C", as appropriate. Thus N is Lipschitz as a real-
valued function on R™ or C", as appropriate, using the corresponding Euclidean
metrics on the domain and range. In particular, N is continuous. This argument
works for seminorms instead of norms as well.

The extreme value theorem implies that there is a u € R™ or C™, as appro-
priate, such that |lul2 =1 and

(6.7.6) N(u) < N(w)

for every w € R™ or C", as appropriate, with |w|2 = 1. This uses the fact
that the unit sphere in R™ or C”, as appropriate, is compact with respect to
the Euclidean metric. Put

(6.7.7) ¢ = N(u),

and note that ¢ > 0, because N is a norm. Let us check that
(6.7.8) c|lvlle < N(v)

for every v € R™ or C™. Of course, (6.7.8) is trivial when v = 0, and so we may
suppose that v # 0. In this case, ||v]|2 > 0, and

v

vl

(6.7.9)

satisfies |w|l2 = 1. Thus

(6.7.10) N()/|vllz = N(v/[lv]l2) = N(w) = N(u) = ¢,
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using (6.7.6) in the third step. This implies (6.7.8), as desired.
Put C" = 1/c¢, so that (6.7.8) is the same as saying that

(6.7.11) [v]l2 < C" N (v)
for every v € R™ or C", as appropriate. It follows that
(6.7.12) da(v,w) = ||[v — w2 < C'"N(v—w) =C"dy(v,w)

for every v, w in R™ or C", as appropriate. In particular, this implies that the
identity mapping on R™ or C", as appropriate, is Lipschitz with respect to the
metric dy (v, w) associated to N on the domain, and the standard Euclidean
metric on the range. Of course, there are analogous arguments using || - ||; or
I - [|oo here, instead of the Euclidean norm || - ||2.

6.8 Inner products on R", C"

Let n be a positive integer, and let z,y € R™ be given. Thus
n
(6.8.1) (@,y) = (@, y)rn = Y _z;y;
j=1

is defined as a real number. This is the standard inner product on R™. Note
that

(6.8.2) (@, a)rn =Y @} = |lll3,
j=1
where ||z||2 is the standard Euclidean norm of x, as in (1.3.5). We also have
that
n n
(6.8.3) (o, yymel = Dy < Dl lysl < llellz llylle,
j=1 j=1

using the Cauchy—Schwarz inequality (1.3.13) in the third step.
Let z = x + iy be a complex number, where x and y are real numbers.
Remember that the complex conjugate of z is the complex number defined by

(6.8.4) Z=x—1y.

If w is another complex number, then

(6.8.5) (w+z)=w+7z
and
(6.8.6) (wz)=wz.

It is easy to see that
(6.8.7) 2Z =2 +y* = |23
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where |z| is the usual absolute value of z. The well-known fact that

(6.8.8) |w z| = |z| |w]|
follows from (6.8.6) and (6.8.7).

Clearly o
(6.8.9) @) =z
and
(6.8.10) IZ| = |z|.

Let u,v € R be the real and imaginary parts of w, so that w = u+14iv. The real
part of wZz is given by
(6.8.11) Re(wz) =uz +vy.

As usual, w and z correspond to (u,v) and (x,y), respectively, as elements of
R2. The right side of (6.8.11) is the same as the inner product of (u,v) and
(x,y) as elements of R2.

If w,z € C", then

(6.8.12) (w,2) = (w,z)cn = »_w; %
j=1

is defined as a complex number. This is the standard inner product on C™.
Observe that

(6.8.13) (w, 2)cn = (iwi?ﬁ') :izj@:<z,w>cn.
j=1 j=1

As before,
n n
(6.8.14) (z2)on =) 25 =)l = |25,
j=1 j=1

where ||z]|2 is the standard Euclidean norm of z, as in (1.4.1). Moreover,

(6.8.15) (w,z)cn| =

j 25

n
<D lwyl 2] < [lwllz [|2]l2,
j=1
using the Cauchy—Schwarz inequality (1.3.13) in the third step.

6.9 Sums and inner products

Let X be a nonempty set, and let f, g be real-valued functions on X with finite
support in X. Put

(6.9.1) (f,9) =}, Deoo(x, R) = Z fla

zeX
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where the sum on the right reduces to a finite sum of real numbers, as in Section
1.6. This may be considered as the standard inner product on coo(X,R). Of
course,

(692) <f7 coo(X,R) Z f ||fH§7

zeX

where || f||2 is as in Section 1.6. Observe that

> fa)g

zeX

(6.93) [{f9)ear(x.r)| = < D 1@Ig@) < 1f 112 gl

zeX

by the Cauchy—Schwarz inequality.
Similarly, if f, g are complex-valued functions on X with finite support, then

(6.9.4) (f:9) = (. Deww(x.0) = ) f(@)

rzeX

reduces to a finite sum of complex numbers. This may be considered as the
standard inner product on ¢gp(X, C). As before,

(695) <f7 co0(X,C) Z |f = Hf”g

rzeX

for every f € cpo(X,C). Using the Cauchy—Schwarz inequality again, we get
that

(6.9.6)

> f@)

reX

< D @lg@)] < 1f 112 llgl

rzeX

<f7 >Coo XC)| -

for every f, g € coo(X, C). We also have that

(6.9.7) (9l = (D f@)9(@) = 3 9(2) [@) = (g Newwx.0)

zeX rzeX

for every f, g € coo(X, C).
Suppose now that f, g € (*(Z,,R), and remember that fg € ¢*(Z,,R), as
in Section 2.3. In this case, we put

(6.9.8) (f.9) = (f. 9. ) = Y F0)

where the right side converge absolutely. This may be considered as the standard
inner product on /(Z,,R). Note that

(6.9.9) (f, ez, r) = Zf )2 = I£13,
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where ||f||2 is as in Section 2.3. The version of the Cauchy—Schwarz inequality
mentioned in Section 2.3 implies that

(6-9-10) |<f,9>z2(z+7R)\ =

\ Z|f 9G] < 17112 gl

Let f,g € ¢*(Z,,C) be given, so that |f||g| € ¢*(Z,,C), and hence f7 is
an element of /1(Z,C). Put

(6.9.11) (f.9)={.9)e@,.c) = Zf

which may be considered as the standard inner product on ¢2(Z,, C). As usual,

(6.9.12) (f, Nz, .c) = Zlf = [I£13-

We also have that

oo

> £V < 1101001 < 171 ol
j=1

(6.9.13) [{f,9) ez, .0) =

by the version of the Cauchy—Schwarz inequality in Section 2.3. Moreover,

(6.9.14) (f,9)e2(z,c) = (Zf ) Zg =9, Nea, o

6.10 Integral inner products

Let a, b be real numbers with a < b, and let a be a monotonically increasing
real-valued function on [a,b]. If f, g are continuous real-valued functions on
[a, b], then

b
(6.10.1) (.9) = (F, ) = / £(z) g(=) do(x)

is defined as a real number, using a Riemann—Stieltjes integral on the right side.
Clearly

b
(6.102) (FT)o = [ @) date) = |71B 0

where || f||2,o is as in (3.5.1). Observe that

(6.10.3) [(f,9)al = (z)

IN

b
/ (@) l9(@)| da(@) < || Floa o]z,
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by the integral version (3.5.8) of the Cauchy—Schwarz inequality for Riemann—
Stieltjes integrals. Of course, (6.10.1) is symmetric in f and g, and linear in
each of f and g, because of linearity of the integral. If « is strictly increasing
on [a,b], then (6.10.2) is positive when f # 0 on [a,b], as before. In this case,
(6.10.1) defines an inner product on the space C([a,b],R) of continuous real-
valued functions on [a, b].

If f and g are continuous complex-valued functions on [a, b], then

b PR
(6.10.4) (F.9) = (f ) = / £(z) (@) do(x)

is defined as a complex number, using a Riemann—Stieltjes integral on the right
side again. In this situation, we also have that

b
(6.10.5) (FF)o = [ 5@ da(e) = 1B 0

where || f||2,o is as in (3.5.1). As before,

(610.6)  [(frg)al = / f(2) 9(@) da(z)

IN

b
/ |f(@)[lg(2)| da(z) < |[fll2,0 lgll2.a

using (3.5.8) in the third step. Note that

6100 Tala= ([ 10)g@da) = [ o) T date) = (0.1

It is easy to see that (6.10.4) is linear in f, because of linearity of the integral.
Similarly, (6.10.4) is conjugate-linear in g, which is to say that it is additive
in g, while multiplying g by a complex number ¢ corresponds to multiplying
(6.10.4) by t. If « is strictly increasing on [a, b], then (6.10.5) is positive when
f #0on [a,b], and (6.10.4) defines an inner product on the space C(]a,b], C) of
continuous complex-valued functions on [a,b]. If a(x) = x for every z € [a, ],
then (6.10.1) and (6.10.4) are called the standard integral inner products on
C([a,b],R) and C([a, b], C), respectively.

Now let f, g be continuous real-valued functions on the real line with com-
pact support. In this case,

(6.10.8) (.9) = (Fr @) o rm) = [ (@) g(a) da

is defined as a real number, where the integral on the right reduces to a Riemann
integral over a bounded interval, as in Section 3.8. This is the standard integral
inner product on the space Ceom (R, R) of continuous real-valued functions on
R with compact support. As before,

(6.10.9) F, ) Coom (BuR) = / f(@)? dz = | I3,
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where || f||2 is as defined in (3.8.15). We also have that

(6.1010)  |(fg)cn mm)] = ‘ / fa

< / F@)] l9(@)| dz < |12 |l

where the third step reduces to the integral version (3.2.4) of the Cauchy—
Schwarz inequality on bounded intervals. Clearly (6.10.8) is symmetric in f
and g. The inner product (6.10.8) is linear in f and g, because of the linearity
of the integral.

Similarly, if f and g are continuous complex-valued functions on R with
compact support, then

(6.10.11) (1:9) = (- 9)cmmor = | " f@) 9@ de

is defined as a complex number. This is the standard integral inner product
on the space Ceom (R, C) of continuous complex-valued functions on R with
compact support. As usual,

(6.10.12) o ) omm ey = / |F(@)[2dz = |12,

— 00

where || f||2 is as in (3.8.15) again. In addition,

(6.1013)  [(F9)c ey — | | @

IN

| 1s@lls@lds < 111z Lol

using (3.2.4) in the third step. Observe that

(610.14)  {f,9)cr,(ro) = (/Zﬂx)g(@dm)

/_oo g(l') (m) dr = <g’f>Ccom(R,C)-

As before, (6.10.11) is linear in f, because of the linearity of the integral. The
inner product (6.10.11) is also conjugate-linear in g.

6.11 Some remarks about n-dimensional volume
Let n be a positive integer. If F is a reasonably nice subset of R™, then the

n-dimensional volume

(6.11.1) Vol,, (E)
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of £ may be defined in the usual way. In fact, if n-dimensional volume on
R" is interpreted as n-dimensional Lebesgue measure, then this is defined for
Lebesgue measurable subsets of R™. This includes all open and closed subsets
of R™, as well as their countable unions or intersections. Note that Vol, (F)
may be +o0o when E is not bounded.

If n-dimensional volume on R™ is interpreted as Lebesgue outer measure,
then Vol, (E) is defined for all subsets E of R"™. However, this may not always
behave as one might expect in terms of additivity of volumes of unions of disjoint
subsets of R™. This is related to the Banach—-Tarski paradox, as in [172, 176,
182].

Let aq,...,an and b1,...,b, be real numbers with a; < b; for each j =
1,...,n. The set

(6.11.2) C={zeR":q; <z; <bjforeach j=1,...,n}

may be called a cell in R™, as on p31 of [155]. This is the same as the Cartesian
product of the closed intervals [a;,b;], 7 = 1,...,n. In this case,

(6.11.3) VOln(C) = ﬁ(bj — aj).

In particular, this is equal to O when a; = b; for any j.
If a € R® and E C R”, then put

(6.11.4) E+a={z+a:z € E},
which is the translation of F by a in R™. It is well known that
(6.11.5) Vol,,(E + a) = Vol,(E),

which is to say that the n-dimensional volume on R" is invariant under trans-
lations. It is easy to check directly that this is compatible with (6.11.3).
Ifte R and E C R, then put

(6.11.6) tE={tx:x € E},
which corresponds to dilating F by ¢ in R™. It is also well known that
(6.11.7) Vol,,(t E) = [t|" Vol (E).

One can check directly that this is compatible with (6.11.3) as well.

6.12 Volumes and Lipschitz mappings

Let n be a positive integer, and let N be a norm on R"™, so that dy(z,y) =
N(x — y) defines a metric on R", as usual. Observe that

(6.12.1) dy(z 4+ a,y+a)=N((z+a)— (y+a)) = Nz —y) =dn(z,y)
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for all a,z,y € R™, so that dy(-,-) is invariant under translations on R™. Sim-
ilarly,

(6.12.2) dy(ta,ty) = N(te —ty) = N(t(z —y)) = [{| N(z —y) = [t|dv(z,y)

for every z,y € R™ and t € R.
Suppose that f is a Lipschitz mapping from £ C R" into R™ with constant
C > 0 with respect to dn(-,-) and its restriction to E, so that

(6.12.3) dn(f(2), f(y)) < Cdn(z,y)

for every z,y € E. It is well known that
(6.12.4) Vol,,(f(E)) < C" Vol (E).

One can look at this in terms of the standard way of changing variables in
n-dimensional integrals, under suitable conditions. Although the latter is dis-
cussed in many textbooks, one may also be interested in the articles [25, 115,
116, 169], as well as [47, 184, 185], in connection with Lebesgue measure and
integration. Of course, Lebesgue measure and integration are discussed in many
textbooks too, and one may be interested in the articles [40, 58, 117] as well.

Alternatively, one can consider (6.12.4) in terms of n-dimensional Hausdorff
measure on R™ with respect to dy(+,). It is well known that this is equal to a
constant multiple of Lebesgue outer measure on R”.

If « is any positive real number, then a-dimensional Hausdorff measure may
be defined on any metric space. There is an analogue of (6.12.4) for Lipschitz
mappings between arbitrary metric spaces, using Hausdorff measures of the
same dimension on the domain and range.

If k is a positive integer less than or equal to n, then k-dimensional Hausdorff
measure on R™ with respect to the standard Euclidean metric is related to the
usual k-dimensional volume of reasonably nice k-dimensional submanifolds of
R™.

6.13 Bounded vector-valued functions
Let X be a nonempty set, and let m be a positive integer. Consider the spaces
(6.13.1) X, R™), c(X,C™)

of functions on X with values in R, C™ respectively. These spaces with m =1
were discussed in Section 3.10. As before, if f and g are functions on X with
values in R™ or C™, then f + g defines a function on X with values in R™ or
C™ as appropriate. Similarly, if ¢ is a real or complex number, as appropriate,
then ¢ f is a function on X with values in R™ or C™, as appropriate. As usual,
¢(X,R™) and ¢(X, C™) are basic classes of examples of vector spaces over the
real and complex numbers, respectively. We shall also be interested in linear
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subspaces of these spaces, which are subsets of the spaces that contain 0 and
are closed under addition and scalar multiplcation, as before.

If f is a function on X with values in R™ or C™, then let f;(z) be the
Jjth coordinate of f(z) for each j = 1,...,m and ¢ € X. Thus f; is a real
or complex-valued function on X, as appropriate, for each j. Of course, any
m-~tuple of real or complex-valued functions on X determines a function on X
with values in R™ or C™, as appropriate, in this way.

Let N be a norm on R™ or C™, so that dy(v,w) = N(v — w) defines a
metric on R™ or C™, as appropriate. Using this, we get the corresponding
space
(6.13.2) B(X,R™) =By(X,R™) or B(X,C™) =Byn(X,C™)

of mappings from X into R™ or C™, as appropriate, that are bounded with
respect to dy(-,-), as in Section 1.11. This space does not depend on the par-
ticular norm N, because any norm on R™ or C™ can be compared with the
standard Euclidean norm up to constant factors, as in Sections 6.6 and 6.7. The
corresponding supremum metric does depend on IV, but it can be compared with
the supremum metric associated to the standard Euclidean norm on R™ or C™,
as appropriate, with the same constant factors.
We may also use the notation

(6.13.3)  £2(X,R™) = £(X,R™) or (2(X,C™) = (3(X,C™)

for (6.13.2), as appropriate. Note that a function f on X with values in R™ or
C™, as appropriate, is bounded with respect to dy (-, -) if and only if

(6.13.4) N(f(z))

is bounded as a real-valued function on X. This happens if and only if f; is
bounded as a real or complex-valued function on X, as appropriate, for each
j, because of the usual comparisons of N with the standard Euclidean norm.
It is easy to see that (6.13.3) is a linear subspace of ¢(X,R™) or ¢(X, C™), as
appropriate.

If f is an element of (6.13.3), as appropriate, then put

(6.13.5) [flloc,n = sup{N(f(z)) : € X}.

This is a nonnegative real number, which is equal to 0 exactly when f =0 on
X. One can check that

(6.13.6) 1t flloo,n = [¢] [1.f[loo,v

for every t € R or C, as appropriate. If g is another element of (6.13.3), as
appropriate, then one can verify that

(6.13.7) 1+ glloo.n < [Iflloo.x + [lglloo.n-

This means that (6.13.5) defines a norm on (6.13.3), as appropriate. This is the
supremum norm associated to N. This can be compared with the supremum
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norm associated to the standard Euclidean norm on R™ or C™, as appropriate,
with the same constant factors as before. Note that

(6.13.8) I1f = glloo,n

is the same as the supremum metric on (6.13.3), as appropriate, corresponding
to dn (-, ).

Suppose now that (X,dx) is a nonempty metric space, and consider the
space
(6.13.9) C(X,R™) =Cn(X,R™) or C(X,C™) =Cn(X,C™)

of continuous mappings from X into R or C™, as appropriate, with respect to
dn(-,-) on the range. This is the same as the space of continuous mappings from
X into R™ or C™, as appropriate, with respect to the standard Euclidean metric
on the range, because of the usual comparisons between N and the standard
Euclidean norm. Equivalently, one can check that a mapping f from X into R™
or C™ is continuous if and only if f; is continuous as a real or complex-valued
function on X, as appropriate, for each j = 1,...,m. In particular, the space of
continuous mappings from X into R™ or C™ is a linear subspace of ¢(X,R™)
or ¢(X,C™), as appropriate.
Similarly, we get the space

(61310) Cb(X, Rm) = C’b,]\](AX7 Rm) or Cb(X, Cm) = Cb)N(X, Cm)

of bounded continuous mappings from X into R™ or C™, as appropriate, with
respect to dy (-, ) on the range. This is the same as the analogous space defined
using the standard Euclidean metric on the range, as before. This is a linear
subspace of (6.13.3) and (6.13.9), as appropriate.



Chapter 7

Matrix norms and Lipschitz
conditions

7.1 Real and complex matrices

Let m and n be positive integers, and let us consider m X n matrices with entries
in the real or complex numbers. Such a matrix may be denoted as

(7.1.1) laja] = [azal}ly,

where a;,; is a real or complex number, as appropriate, for each j = 1,...,m
and [ =1,...,n. Let M, ,(R) and M,, ,,(C) be the spaces of m x n matrices
with entries in R and C, respectively.

If [a;;] and [b; ;] are m x n matrices with real or complex entries, then their
sum is defined as an m x n matrix by adding the corresponding entries, so that

(7.1.2) [aj,l] + [b]‘,l] = [ajJ + bj’l].

Similarly, if ¢ is a real or complex number, as appropriate, then ¢ times [a; ] is
defined as an m x n matrix by multiplying the entries of [a; ;] by ¢,

(7.1.3) tla;i] = [taj,.

This makes M,, ., (R) and M,, ,(C) into vector spaces over the real and complex
numbers, respectively. Of course, one can also identify M,, ,,(R) and M,, ,,(C)
with R™"™ and C™", respectively.

As usual, a nonnegative real-valued function N defined on M,, ,(R) or
M, »(C) is said to be a norm if it satisfies the following three conditions.
First,

(7.1.4) N(laji]) =0

if and only if [a;;] = 0 as a matrix, which means that a;; = 0 for every
j=1,...,mandl=1,...,n. Second,

(7.1.5) N(tlaja]) = [¢] N([aj.])

106
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for every [a;,] € My, n(R) or M, »,(C) and t € R or C, as appropriate. Third,
(7.1.6) N([aji] + [bja]) < N(laja]) + N([bj.])

for every [a; ], [bj1] € My n(R) or M, ,(C), as appropriate. In this case,
(7.1.7) dn([a;1], [b5.]) = N(laja] — [bju]) = N(laj1 = bju])

defines a metric on M, ,(R) or M,,(C), as appropriate. If M,, ,(R) and
M, (C) are identified with R™"™ and C™", respectively, as before, then the
definition of a norm on M,, ,,(R) or M, ,(C) corresponds exactly to the earlier
definitions for R™™ and C™" in Sections 1.3 and 1.4. Similarly, the metric
associated to a norm on M,, ,(R) or M,, ,(C) corresponds to the analogous
notions for R™™ and C™".

Put

mon 1/2
(718) llasdllrs = (323 lasal?)

j=11=1
for every [a;i] € My, (R) or My, »(C). This is known as the Hilbert-Schmidt
norm on M,, ,(R) and M,, ,(C). More precisely, (7.1.8) corresponds to the
standard Euclidean norm on R™" and C™ ", using the identifications mentioned
earlier. In particular, the fact that (7.1.8) defines a norm on M,, ,(R) and
M, »(C) follows from the analogous statements for the standard Euclidean
norms on R™™ and C™™. More precisely, the triangle inequality for (7.1.8)
follows from the triangle inequality for the Euclidean norm, and the first two
requirements of a norm can be verified directly.

7.2 Matrices and linear mappings

Let m and n be positive integers again. As usual, a mapping A from R" into
R™ is said to be linear if

(7.2.1) Alv 4 w) = A(v) + A(w)
for every v,w € R", and
(7.2.2) A(tv) =t Av)

for every v € R™ and t € R. Similarly, a mapping A from C” into C™ is said
to be (complex) linear if (7.2.1) holds for every v, w € C™, and (7.2.2) holds for
every v € C” and t € C.

Let [aj,;] be an m x n matrix whose entries are real or complex numbers. If
v=(v1,...,v,) € R® or C", as appropriate, then put

(7.2.3) (A(v)); = Z ajiv
=1

for each j = 1,...,m. This defines A(v) as an element of R™ or C™, as
appropriate, where the jth coordinate of A(v) is given by (7.2.3) for each j =
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1,...,m. It is easy to see that A is linear as a mapping from R” into R™ or
from C™ into C™, as appropriate. Conversely, it is well known and not too
difficult to show that every linear mapping A from R" into R™ or from C"
into C™ corresponds to a unique m X n matrix with real or complex entries, as
appropriate, in this way.

Let e, = (ek,1---,€kn) be the kth standard basis vector in R™ or C™ for
each k =1,...,n. Thus ey; =1 when k =1, and e;; = 0 when k # [. If A
corresponds to [a;;] € My, »(R) or My, »(C) as in (7.2.3), then

(7.2.4) (Aler)); = ajk

for every j = 1,...,mand k = 1,...,n. If A is any linear mapping from R"
into R™ or from C™ into C™, then one can use (7.2.4) to define an m x n matrix
[a;,1] of real or complex numbers, as appropriate. This implies that (7.2.3) holds
for every v € R™ or C™, as appropriate, because of linearity, and by expressing
v as a linear combination of eq,... e,.

Let [a;;] € My, »(R) or My, ,(C) be given again, and let A be the corre-
sponding linear mapping from R" into R™ or from C" into C™, as in (7.2.3).
Using (7.2.4), we get that

(7.2.5) [Alex)|l2 = (Z |aj,k|2)1/2

for every k = 1,...,n. More precisely, the left side of (7.2.5) refers to the
standard Euclidean norm of A(eg) in R™ or C™, as appropriate. It follows that
the Hilbert-Schmidt norm of [a;;] defined in the previous section can be given
by

(726 llasllins = (At z) "
k=1

Let v = (v1,...,v,) € R™ or C" be given, as appropriate. Remember that

n
(7.2.7) v = ka €k,
k=1

where the right side is a linear combination of eq,...,e, in R™ or C™, as ap-
propriate. Using the linearity of A, we get that

(7.2.8) Av) = Zn: vk Aler),

k=1

where the right side is a linear combination of A(e;),..., A(ex) in R™ or C™,
as appropriate. It follows that

(7.2.9) IA@)ll2 <> okl [|Aer) 2,
k=1
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where || - ||2 refers to the standard Euclidean norm on R™ or C™ again, as
appropriate. This implies that

|HSv

(7.210) @)l < (3 1oel?)" lay]
k=1

using the Cauchy—Schwarz inequality on the right side of (7.2.9).

7.3 Some related estimates

Let m and n be positive integers, and let A be a linear mapping from R"” into
R™, or from C" into C™. Also let N be a norm on R™ or C™, as appropriate.
If v € R" or C", as appropriate, then v can be expressed as a linear combination
of the standard basis vectors eq,...,e, in R™ or C" as in (7.2.7). Hence A(v)
can be expressed as in (7.2.8), so that

n

(7.3.1) N(A®W)) < ok N(A(ex)).
k=1

This corresponds to (7.2.9) when N is the standard Euclidean norm on R™ or
C™, as appropriate.

Let us now look at this in terms of various norms on R"™ or C", as appro-
priate. Let us start with the standard Euclidean norm

(132 ol = (3 k)

k=1

of v. As before, we can apply the Cauchy—Schwarz inequality to the right side
of (7.3.1) to get that

(7.3.3) N(AW) < (3N (A@)?) " ol
k=1

This is the same as (7.2.10) when N is the standard Euclidean norm on R™ or
C™, as appropriate.

Consider the norm
n

(7.3.4) lolls = o]

k=1

of v discussed in Sections 1.3 and 1.4. It is easy to see that

(7.3.5) N(A(v)) < ( max N(A(ek))> o]l

1<k<n
using (7.3.1). Similarly, we can consider the norm

(7.3.6) [0]lc0 = DX |0
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of v discussed in Sections 1.3 and 1.4 as well. Observe that
(7.3.7) N(A®)) < (X N(A(er) el
k=1

by (7.3.1) again.
Let Ny be any norm on R™ or C", as appropriate. One can check that there
is a nonnegative real number C' such that

(7.3.8) N(A(v)) < C No(v)

for every v € R" or C", as appropriate. This follows from the previous remarks

when Ny(v) is given by (7.3.2), (7.3.4), or (7.3.6). Otherwise, one can use the

fact that (7.3.2) is bounded by a constant multiple of Ny(v), as in Section 6.7.
If v,w € R™ or C™, as appropriate, then

(7.3.9) N(A(v) — A(w)) = N(A(v — w)) < C No(v —w).
This uses the linarity of A in the first step, and (7.3.8) in the second step. Thus
(7.3.10) dn(A(v), A(w)) < Cdpn, (v, w),

where dp, is the metric associated to Ny on R™ or C”, and dy is the metric
associated to N on R™ or C™, as appropriate.

7.4 Spaces of linear mappings

Let m and n be positive integers again. The space of linear mappings from R"
into R™ may be denoted L(R™, R™). Similarly, the space of (complex) linear
mappings from C” into C™ may be denoted L(C", C™).

Let A, B be linear mappings from R” into R™ or from C™ into C™, and
let ¢ be a real or complex number, as appropriate. Thus ¢ A can be defined as
a mapping from R"™ into R™, or from C™" into C™, as appropriate, by putting

(7.4.1) (t A)(v) = t A(v)

for every v € R™ or C", as appropriate. Similarly, A + B can be defined as a
mapping from R"™ into R™, or from C" into C™, as appropriate, by putting

(7.4.2) (A+ B)(v) = A(v) + B(v)

for every v € R™ or C™, as appropriate. It is easy to see that these are also
linear as mappings from R"™ into R™, or from C" into C™, as appropriate.

As in Section 7.2, there are standard one-to-one correspondences between
My, »(R) and L(R",R™), and between M, ,(C) and £(C",C™). These cor-
respondences are linear, in the sense that sums of matrices are associated to
sums of linear mappings, and similarly for multiplication of matrices and linear
mappings by real or complex numbers, as appropriate.
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A nonnegative real-valued function N on L(R",R™) or L(C™,C™) is said
to be a nmorm if it satisfies the usual three conditions, as follows. First, if A is
a linear mapping from R"™ into R™ or from C™ into C™, as appropriate, then

(7.4.3) N(A) =0

if and only if A = 0, which means that A(v) = 0 for every v € R™ or C", as
appropriate. Second, if A is a linear mapping from R"™ into R™ or from C"
into C™ and t € R or C, as appropriate, then

(7.4.4) N(tA) = |t| N(A).

Third, if A and B are linear mappings from R" into R™ or from C" into C™,
as appropriate, then
(7.4.5) N(A+ B) < N(A)+ N(B).

Under these conditions,
(7.4.6) dy(A,B)=N(A—-B)

defines a metric on L(R™,R™) or L(C",C™), as appropriate. Observe that
norms on L(R™, R™) and £(C", C™) correspond exactly to norms on M,, »,(R)
and M,, ,(C), respectively, using the correspondence between matrices and lin-
ear mappings described in Section 7.2. The metrics associated to these norms
correspond to each other in the same way.

Let A be a linear mapping from R"™ into R™ or from C" into C™ again.

Also let eq, ..., e, be the standard basis vectors in R™ or C™, as in Section 7.2,
and let || - |2 be the standard Euclidean norm on R™ or C™, as appropriate.
Put

(747) 4l = (3 l4e13) ",
k=1

which corresponds exactly to the Hilbert—Schmidt norm of the matrix associ-
ated to A, as in Section 7.2. This defines a norm on each of L(R"™,R™) and
L(C™, C™), which may be called the Hilbert—Schmidt norm as well.

7.5 Operator norms

Let m and n be positive integers, and let A be a linear mapping from R"™ into
R™, or from C" into C™. Also let Ny be a norm on R"™ or C", and let NV be a
norm on R™ or C™, as appropriate. The corresponding operator norm

(7.5.1) [ Allop

of A is defined to be the supremum of

N(A(v))

(7.5.2) oo
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over all v € R™ or C", as appropriate, with v # 0. Note that this ratio is
bounded, by (7.3.8), so that the supremum is finite. More precisely, (7.3.8) is
equivalent to saying that the nonnegative real number C' is an upper bound
for (7.5.2) when v # 0, because (7.3.8) holds automatically when v = 0. Thus
(7.3.8) holds exactly when

(7.5.3) lAlop < C.

In particular, (7.3.8) holds with C' = ||A||,p. Alternatively, || A||op is the infimum
of the nonnegative real numbers C' for which (7.3.8) holds.
Note that

N(A(v))

(7.5.4) 0

= N((1/No(v)) A(v)) = N(A((1/No(v)) v))

for every v € R™ or C™, as appropriate, with v # 0. Similarly,
(7.5.5) No((1/No(v))v) = No(v)/No(v) =1

for every v € R™ or C", as appropriate, with v # 0. Using this, one can verify
that || Al|op is the same as the supremum of

(7.5.6) N(A(v))

over all v € R™ or C", as appropriate, such that No(v) = 1. This is also the
same as the supremum of (7.5.6) over all v € R™ or C", as appropriate, with
No(v) < 1. Of course, (7.5.6) is equal to 0 when v = 0, and otherwise

(7.5.7) N(A(v)) = N(A((1/No(v)) v)) No(v),

as in (7.5.4).

By construction, ||A||,p is a nonnegative real number, and ||Al,, = 0 if and
only if A(v) = 0 for every v € R™ or C", as appropriate. If ¢ € R or C, as
appropriate, then ¢ A also defines a linear mapping from R’ into R™ or from
C™ into C™, as appropriate. It is easy to see that

(7.5.8) 1t Allop = [t] [ Allop,
because
(7.5.9) N(t A(v)) = [t| N(A(v))

for every v € R™ or C", as appropriate. Let B be another linear mapping from
R” into R™ or from C" into C™, as appropriate, so that A+ B defines another
such linear mapping. Observe that

N((A+ B)(v)) = N(A(v) + B(v))
(7.5.10)

N(A(v)) + N(B(v))
[Allop No(v) + [|Bllop No(v)
(I Allop + 1Bllop) No(v)

<
<

for every v € R™ or C", as appropriate. This implies that

(7.5.11) [A+ Bllop < [|Allop + [ Bllop-
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Thus the operator norm satisfies the requirements of a norm on the space of

linear mappings from R” into R™ or from C™ into C™, as appropriate.
Suppose that Ny is the standard Euclidean norm on R™ or C"”, and that V

is the standard Euclidean norm on R™ or C™, as appropriate. In this case, we

get that

(7.5.12) lAllop < lAllzs,

as in (7.2.10), where the right side is the Hilbert—Schmidt norm of A, as in the
previous section. One can check that

(7.5.13) Al s < n*/?||Allop,

directly from the definitions of these two norms.

7.6 Determinants and volume

Let n be a positive integer, and let [a;;] be an n x n matrix of real or complex
numbers. The determinant
(7.6.1) detla; ]

can be defined as a real or complex number, as appropriate, in a standard way.
If A is the linear mapping from R”™ or C" into itself, as appropriate, associated
to [a;,], then the determinant of A is defined by

(7.6.2) det A = det[a;,].

The determinant of the identity mapping I on R™ or C™ is equal to 1. Similarly,
if ¢ is a real or complex number, as appropriate, then

(7.6.3) det(tI) =t

Let A be a linear mapping from R™ into itself, and let FE be a subset of R™.
It is well known that

(7.6.4) Vol (A(E)) = | det A| Vol,,(E),

where Vol,(+) is the usual n-dimensional volume of a subset of R™. This is
discussed in many textbooks, and one may also be interested in the articles
[31, 84].

More precisely, F should be sufficiently nice for the volume to be defined,
depending on the definition of the volume being used. The right side of (7.6.4)
should be interpreted as being equal to 0 when det A = 0, even if Vol,,(F) may
be +o00. Note that |det A| is uniquely determined by (7.6.4) when Vol,, (E) is
positive and finite.

Let N be a norm on R", and let || Ao, be the corresponding operator norm
of A, as in the previous section. More precisely, this uses /N as the norm on R"
as both the domain and the range of A. It is well known that

(7.6.5) |det A] < || A",
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under these conditions.

Suppose for the moment that N is the standard Euclidean norm on R™. If
A can be diagonalized using an orthonormal basis for R™ with respect to the
standard inner product, then (7.6.5) can be verified directly. Otherwise, one
can reduce to that case, by considering the composition of A with its adjoint
with respect to the standard inner product on R™.

If N is any norm on R", then let By be the closed unit ball in R™ with
respect to IV, as in Section A.6. It is easy to see that

(7.6.6) A(Bn) C || Allop B,

by the definition of the operator norm. Note that || Ao, By is the same as the
closed ball in R™ centered at 0 with radius ||A||,, with respect to the metric
dn(v,w) = N(v —w) associated to N. Using (7.6.6), we get that
(7.6.7) Vol,(A(Bn)) < Vol (||Allop Bn) = ||All}, Vol (Bn).
One can use this to get (7.6.5) from (7.6.4), with E = By.

Let A be a linear mapping from R"™ or C" into itself again. If v € R™ or C"

satisfies
(7.6.8) A(v) = Av

for some A € R or C, as appropriate, then v is said to be an eigenvector of
A with eigenvalue A. Let N be a norm on R™ or C", as appropriate, and let
|Allop be the corresponding operator norm of A, using N on both the domain
and the range. Observe that

(7.6.9) IAIN(v) = N(Av) = N(A(v)) < [[Allop N(v),
by (7.6.8) and the definition of the operator norm. This implies that
(7.6.10) Al < [ Allop

when v # 0.

In the complex case, it is well known that the determinant of A is equal to the
product of its n eigenvalues, associated to nonzero eigenvectors, counted with
their appropriate multiplicities. One can use this to get (7.6.5) from (7.6.10).

7.7 Lipschitz constants

Let (X,dx) and (Y,dy) be (nonempty) metric spaces. Remember that a map-
ping f from X into Y is said to be Lipschitz if

(7.7.1) dy (f(z), f(w)) < Cdx(z,w)

for some nonnegative real number C and every xz,w € X. In this case, we may
also say that f is Lipschitz with constant C, to make the role of C' more explicit.
Let Lip(X,Y’) be the space of all Lipschitz mappings from X into Y.
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Let f be a mapping from X into Y again, and note that (7.7.1) holds auto-
matically when 2 = w. If z, w are distinct elements of X, then (7.7.1) is the
same as saying that

d
. Y@ fw) _
dx(z,w)

If f is Lipschitz, and X has at least two elements, then put

dx(z,w)

(7.7.3) Lip(f)zsup{ :x,weX,x;éw}.
Otherwise, if X has only one element, then we take Lip(f) = 0. Thus (7.7.1)
holds for some C' > 0 and every xz,w € X if and only if f is Lipschitz and

(7.7.4) Lip(f) < C.

In particular, if f is Lipschitz, then (7.7.1) holds with C' = Lip(f). Equivalently,
Lip(f) is the infimum of the nonnegative real numbers C such that (7.7.1) holds
for every z,w € X.

Let m and n be positive integers, and suppose for the moment that X = R"™
and Y = R™, or that X = C"™ and Y = C™. Also let Ny be a norm on R" or
C™, and let N be a norm on R™ or C™, as appropriate. Thus Ny determines
a metric dy, on R™ or C”, and N determines a metric dy on R™ or C™, as
appropriate. Let A be a linear mapping from R"™ into R™, or from C" into C™,
as appropriate. Under these conditions, A is Lipschitz with respect to dy, and
dy, as in (7.3.10). More precisely,

(7.7.5) Lip(A) = [[Al|op,

where Lip(A) is defined using the metrics dy, and dy as in the preceding para-
graph, and the operator norm ||A|,, of A is defined using Ny and N as in
Section 7.5. This is easy to verify, directly from the definitions.

Let (X,dx) be any nonempty metric space again, and let m be a positive
integer. Let us take Y = R™ or C™, equipped with a norm N, which determines
a metric dy in the usual way. In this situation, if f is a mapping from X into
Y, then (7.7.1) is the same as saying that

(7.7.6) N(f(z) = f(w)) = dn(f(z), f(w)) < Cdx(z,w).

Let ¢ be a real or complex number, as appropriate, so that ¢ f also defines a
mapping from X into Y, and

(1.7.7) dy(t f(2),t f(w)) = N(tf(z)—tf(w))=N@E(f(2)-f)
= [IN(f(x) = f(w)) = [t|dn (f(z), f(w))
for every z,w € X. If f is Lipschitz, then it is easy to see that ¢ f is Lipschitz

too, with
(7.7.8) Lip(t f) = |t| Lip(f).
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Similarly, let g be another mapping from X into Y, so that f + g defines a
mapping from X into Y as well. Observe that

An((f +9)(2), (f + 9)(w)) = N((f(z) +g(z)) = (f(w) + g(w)))
(7.7.9) = N((f(2) = f(w)) + (9(z) = g(w)))
< N(f(z) = f(w)) + N(g(z) — g(w))

for every z,w € X. If f and g are both Lipschitz, then it follows that

dn((f + 9)(@), (f + 9)(w)) < Lip(f)dx(x, w) + Lip(g) dx (z, w)
(7.7.10) (Lip(f) + Lip(g)) dx (z, w)

for every z,w € X. This implies that f 4 ¢ is Lipschitz, with

(7.7.11) Lip(f + g) < Lip(f) + Lip(g).

In particular, the space of Lipschitz mappings from X into R™ or C™ may be
considered as a vector space over the real or complex numbers, as appropriate,
with respect to pointwise addition and scalar multiplication. In the terminology
of Section A.6, Lip(f) defines a seminorm on this vector space. More precisely,
Lip(f) = 0 if and only if f is a constant mapping on X.

7.8 Compositions and isometries

Let (X,dx), (Y,dy), and (Z, dz) be (nonempty) metric spaces. If f is a mapping
from X into Y, and ¢ is a mapping from Y into Z, then the composition g o f
can be defined as a mapping from X into Z, as usual. Suppose that f and g
are both Lipschitz, so that

(7.8.1) dz((go f)(@),(go fl(w)) = dz(g(f(z)),9(f(w)))
< p(g)dy( (), f(w))
< Lip(f) Lip(g) dx (2, w)

for every z,w € X. This implies that g o f is Lipschitz as well, with
(7.8.2) Lip(g o f) < Lip(f) Lip(g).

More precisely, Lip(f), Lip(g), and Lip(g o f) are as defined in the previous
section, using the appropriate metric spaces in the domains and ranges of these

meppings.
A mapping f from X into Y is said to be an isometry if
(7.8.3) dy (f(2), f(w)) = dx (z,w)

for every z,w € X. In particular, this implies that f is Lipschitz, with constant
C =1. If a mapping ¢ from Y into Z is an isometry too, then it is easy to see
that the composition g o f of f and g is an isometric mapping from X into Z.
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Note that an isometric mapping f from X into Y is automatically injective. If
f maps X onto Y, then the corresponding inverse mapping f~' is an isometry
from Y onto X.

Let n, m, and k be positive integers. Suppose that either A is a linear
mapping from R” into R™ and B is a linear mapping from R™ into RF, or
that A is a linear mapping from C™ into C™ and B is a linear mapping from
C™ into C*. Thus the composition B o A is either defined as a mapping from
R" into R¥, or as a mapping from C™ into C*. In both cases, B o A is a linear
mapping. Of course, the matrix associated to B o A can be given in terms of
the matrices associated to A and B using matrix multiplication.

Let Ni, N, and N3 be norms on R”, R™, and RF, respectively, or on C",
C™, and CF, respectively, as appropriate. Using these norms, the operator
norms ||Alop, || Bllop, and || B o Allop can be defined as in Section 7.5. If v € R™
or C™, as appropriate, then

(784)  Na((BoA)v)) = Ne(BA®)) < [Bllop Na(A(v))
< [[Allop 1 Bllop N1 (v).

It follows that

(7.8.5) 1B o Allop < [ Allop [ Bllop-

This could also be obtained from (7.8.2), using (7.7.5).

In this situation, A is said to be an isometric linear mapping with respect
to Ny and No if
(7.8.6) Na(A(v)) = Ni(v)

for every v € R™ or C", as appropriate. This implies that

dn, (A(v), A(w)) = Na(A(v) — A(w)) = N2(A(v—w))
(7.8.7) = N(v—w)=dn,(v,w)

for every v,w € R" or C", as appropriate, where dy, and dy, are the metrics
associated to N7 and Nj, respectively. Conversely, (7.8.6) follows from (7.8.7)
by taking w = 0. Thus A is isometric as a linear mapping with respect to Ny
and Ns if and only if A is isometric with respect to the corresponding metrics
dn, and dy,. If B is also an isometric linear mapping with respect to Ny and
N3, then their composition B o A is an isometric linear mapping with respect
to N1 and Nj.

7.9 Bilipschitz embeddings

Let (X,dx) and (Y, dy) be (nonempty) metric spaces, and let f be a mapping
from X into Y. Also let ¢ be a positive real number, and consider the following
condition: for every x,w € X, we have that

(7.9.1) cdx (z,w) < dy(f(z), f(w)).
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In particular, this condition implies that f is injective. If f is a one-to-one map-
ping from X onto Y, then (7.9.1) is the same as saying that the corresponding
inverse mapping f~! is Lipschitz with constant 1/c as a mapping from Y into
X. Otherwise, if f is injective but not necessarily surjective, then one can con-
sider the inverse mapping f~! as a mapping from the image f(X) of X under
f into X, and use the restriction of dy to f(X).

A mapping f from X into Y is said to be bilipschitz if f is Lipschitz and
(7.9.1) holds for some ¢ > 0. To be more precise, one may say that f is bilipschitz
with constant C' > 1 if f is Lipschitz with constant C' and (7.9.1) holds with
¢ = 1/C. Using this terminology, an isometric mapping from X into Y is the
same as a bilipschitz mapping with constant C' = 1. A one-to-one mapping f
from X onto Y is bilipschitz if and only if f is Lipschitz and the inverse mapping
f~! is Lipschitz as a mapping from Y into X. If f is not surjective, then one
can consider the inverse mapping f~! as a mapping from f(X) into X, using
the restriction of dy to f(X), as before.

Let (Z,dz) be another metric space, and let g be a mapping from Y into Z.
Suppose that there is a positive real number ¢’ such that

(7.9.2)  dy(y,u) < dz(g(y),g9(u))

for every u,y € Y. If f : X — Y satisfies (7.9.1) for some ¢ > 0, then the
composition g o f satisfies an analogous condition as a mapping from X into Z.
More precisely, for each z,w € X, we have that

(7.9.3) cc'dx(z,w) < ' dy(f(z), f(w)) < dz(g(f(x)), g(f(w)))
= dz((go f)(x),(go f)(w)).

In particular, if f and g are both bilipschitz, then go f is bilipschitz as a mapping
from X into Z.

Let m and n be positive integers, and let A be a linear mapping from R"™
into R™ or from C” into C™. Also let Ny and N be norms on R”™ and R™,
respectively, or on C™ and C™, respectively, as appropriate. Suppose that

(7.9.4) ¢ No(v) < N(A(v))

for some positive real number ¢ and every v € R"™ or C", as appropriate. If
v, w € R™ or C™, as appropriate, then we get that
cdy,(v,w) =cNo(v —w) < N(A(v—w))

(7.9.5) = N(A@) - A(w)) = dy (A(v), A(w)),

where dy, and dy are the metrics associated to Ny and N, respectively. Of
course, (7.9.5) corresponds to (7.9.1) in this situation. Note that (7.9.5) implies
(7.9.4), by taking w = 0. Observe too that (7.9.4) implies directly that v =0
when A(v) = 0, which is to say that the kernel of A is trivial.

Let k£ be another positive integer, and let B be a linear mapping from R™
into R* or from C™ into C*, as appropriate. Also let N3 be a norm on RF or



7.10. LINEAR MAPPINGS AND SEMINORMS 119

C*, as appropriate. Suppose that
(7.9.6) ¢ N(y) < N3(B(y))

for some positive real number ¢’ and every y € R™ or C™, as appropriate. If
v € R™ or C", as appropriate, then we get that

(7.9.7) e No(v) < ¢ N(A(v)) < N3(B(A(v))) = N3((B o A)(v)).

This basically corresponds to (7.9.3) in this situation, as before.

7.10 Linear mappings and seminorms

Let m and n be positive integers, and let A be a linear mapping from R™
into R™ or from C™ into C™. Also let N be a seminorm on R™ or C™, as
appropriate, as in Section A.6. More precisely, the definition of a seminorm
was mentioned previously in the real case, and the complex case is analogous.
Under these conditions, one can check that N(A(v)) defines a seminorm on
R"™ or C", as appropriate. Indeed, it is easy to see that N(A(v)) satisfies the
homogeneity requirement for a seminorm on R"™ or C", as appropriate, because
of the analogous property for N and the linearity of A. Similarly, N(A(v))
satisfies the triangle inequality on R™ or C™, as appropriate, because of the
triangle inequality for NV and the linearity of A. Suppose for the rest of the
section that N is a norm on R™ or C™, as appropriate, so that

(7.10.1) N(A(v)) =0

only when A(v) = 0.

If the kernel of A is trivial, then (7.10.1) holds only when v = 0. This means
that N(A(v)) defines a norm on R™ or C", as appropriate. Let Ny be another
norm on R™ or C", as appropriate. Under these conditions, one can get that
(7.9.4) holds for some ¢ > 0 using the remarks in Section 6.7.

Suppose now that m = n, so that A is a linear mapping from R™ into itself,
or from C" into itself. If the kernel of A is trivial, then it is well known that A
maps R™ or C" onto itself, as appropriate. This means that A has an inverse
mapping A~! on R or C", as appropriate. Of course, the inverse mapping is
also linear.

In this case, (7.9.4) can be reformulated as saying that

(7.10.2) No(A™H(u)) < (1/¢) N(u)

for every u € R™ or C™, as appropriate. We have seen previously that this
type of condition holds, because A~! is a linear mapping on R™ or C”, as
appropriate. More precisely, this condition holds with

(7.10.3) /e =AY ops
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where the operator norm of A~! is defined using N on the domain of A~!, and
Np on the range of A~!. Note that ||A~!||,, > 0, because A~ # 0. Of course,
if (7.10.2) holds for some ¢ > 0, then we have that

(7.10.4) A™Y0p < 1/

7.11 Small perturbations

Let (X, dx) be a nonempty metric space, let m be a positive integer, and let f
be a mapping from X into R or C™. Also let N be a norm on R™ or C™, as
appropriate, which leads to a metric dy in the usual way. Suppose that

(7.11.1) cdx(z,w) <dn(f(2), f(w)) = N(f(z) - f(w))

for some positive real number ¢ and all z,w € X. Let g be another mapping
from X into R™ or C™, as appropriate. We would like to show that g satisfies
an analogous condition when ¢ is sufficiently close to f, in a suitable sense.
More precisely, we ask first that f — g be Lipschitz with respect to dy on the
range. This means that

N((f(z) = g(z)) = (f(w) — g(w)))
(7.11.2)

dn(f(z) — g(z), f(w) — g(w))
Lip(f — g) dx (v, w)

for every z,w € X, where Lip(f — g) is as defined in Section 7.7. Of course,
(711.3)  N(f(z) = f(w)) < N((f(z)—g(z)) = (f(w) - g(w)))
+N(g(x) — g(w))

for every z,w € X, by the triangle inequality. Combining this with (7.11.1) and
(7.11.2), we get that

IN

(7.11.4) cdx(z,w) < N(g(z) — g(w)) + Lip(f — g) dx (z, w)

for every z,w € X. It follows that

(7.11.5) (¢ —Lip(f —g)) dx(x,w) < N(g(z) — g(w)) = dn(g(z), g(w))

for every x,w € X. If Lip(f — g) < ¢, then this is the same type of condition as
before.

Let n be a positive integer, and let us now take X = R™ or C", as appro-
priate. Let Ny be a norm on R™ or C™, as appropriate, which leads to a metric
dn,, as usual. Also let A be a linear mapping from R™ into R™ or from C"
into C™, as appropriate. Suppose that

(7.11.6) cNo(v) < N(A(v))

for some ¢ > 0 and all v € R™ or C", as appropriate. Let B be another linear
mapping from R™ into R™ or from C™ into C™, as appropriate. We would like



7.12. THE CONTRACTION MAPPING THEOREM 121

to verify that B satisfies the same type of condition when B is sufficiently close
to A. This could be obtained from the remarks in the preceding paragraph, but
the analogous argument is a bit simpler in this case, as follows.

Remember that

(7.11.7) N(A(v) = B(v)) < |A = Bllop No(v)

for every v € R™ or C”, as appropriate, where the operator norm [|A — Bl|,p of
A — B is as defined in Section 7.5. Thus

(7.11.8) N(A(v)) < N(A(v) — B(v))+ N(B(v))
< N(B()) +[[A = Bllop No(v)

for every v € R" or C", as appropriate, using the triangle inequality in the first
step. This implies that

(7.119) ¢ No(v) < N(B(0)) + 1A — Bllop No(v)
for every v € R™ or C", as appropriate, by (7.11.6). Hence
(7.11.10) (¢ = A = Bllop) No(v) < N(B(v))

for every v € R™ or C", as appropriate. This is the same type of condition as
before when ||A — Bl|op < c.

In particular, if ||[A — B|lop < ¢, then (7.11.10) implies that the kernel of B
is trivial. If m = n, then it follows that B is invertible.

7.12 The contraction mapping theorem

Let (X,d(x,y)) be a nonempty metric space, and let f be a mapping from X
into itself. Suppose that f is Lipschitz with constant ¢ > 0, so that

(7'12'1) d(f(x)’ f(y)) < Cd(l‘, y)

for every z,y € X. If ¢ < 1, and if X is complete with respect to d(-,-), then a
famous theorem states that there is a unique point € X such that f(z) = «.
More precisely, uniqueness can be verified directly, without using completeness.

To get the existence of the fixed point, let zog be any element of X, and let

x1,%2,x3,... be the sequence of elements of X defined recursively by
(7.12.2) zj = f(zj-1)

when j > 1. Observe that

(7.12.3) Az, xj41) = d(f(xj-1), f(x;)) < cd(z;-1, ;)

for every j > 1. This implies that

(7.12.4) d(l‘j,ﬂ?j_H) S Cj d(l‘o,$1)
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for every j > 1. If I < n are positive integers, then it follows that

n—1 n—1
d(zy, x,) < Z dlzj,zj41) < Z & d(zo,21)
J=l J=l

n—l—1 1

(7.12.5) = ZO ¢ d(zg, ) < C_Cd(xo,xl).
j=

1

This implies that {z;}32 is a Cauchy sequence in X, because d—0asl— oo
when ¢ < 1.

If X is complete, then it follows that {xz;}32, converges to an element x of X.
We also have that {f(z;)}72, converges to f(z) in X, because f is continuous.
By construction, {f(z;)}32, is the same as {z;11}32, which converges to .
Hence f(z) = z, as desired.

Let n be a positive integer, and let B(0, 1) be the closed unit ball in R™ with
respect to the standard Fuclidean metric. Also let f be a continuous mapping
from B(0, 1) into itself, with respect to the restriction of the standard Euclidean
metric on R™ to B(0,1). Under these conditions, Brouwer’s fized-point theorem
states that f has a fixed point, which is to say that there is an # € B(0,1) such
that f(x) = z. If n = 1, then this can be obtained from the intermediate value
theorem. These and related matters are discussed in many textbooks, as well
as the articles [22, 23, 26, 51, 110, 115, 130, 132, 135, 138, 150, 158, 164], for
instance.

Let n be a positive integer again, and let N be a norm on R". Note that
R™ is complete with respect to the metric dy associated to IN. This can be
obtained from the completeness of R™ with respect to the standard Euclidean
metric, and the comparability of N with the standard Euclidean norm on R,
as in Section 6.7.

Let g be a Lipschitz mapping from R"™ into itself, with respect to dy, and
with constant ¢ > 0. This means that

(7.12.6) N(g(z) —g(y)) <eN(z—y)

for every =,y € R" in this situation. Let a € R™ be given, and put
(7.12.7) ga(z) = g(z) +a

for every € R™. Observe that

(7.12.8) N(ga(z) = g9a(y)) = N(9(x) — g(y)) < cN(z —y)

for every x,y € R™. Thus g, is also Lipschitz with constant ¢ as a mapping
from R"™ into itself, with respect to dy.

Suppose that ¢ < 1, so that the contraction mapping theorem can be applied
to g, on R™. Tt follows that there is a unique point z(a) € R™ such that

(7.12.9) 9((a)) + a = ga(x(a)) = 2(a).
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Put
(7.12.10) h(z) =z — g(x)

for every x € R", which defines a mapping from R" into itself. The previous
statement can be reformulated as saying that for every a € R”™ there is a unique
z(a) € R™ such that

(7.12.11) h(z(a)) = a.

Of course, this is the same as saying that & is a one-to-one mapping from R"
onto itself. Note that h is Lipschitz with constant 1 + ¢ on R™ with respect to
dpn, as in Section 7.7. We also have that

(7.12.12) (1-¢)N(x —w) < N(h(x) — h(w))

for every z,y € R", as in the previous section.

7.13 A localized condition

Let n be a positive integer again, and let N be a norm on R™. Also let
(7.13.1) By(r)={z cR": N(x) <r}

be the closed ball in R™ centered at 0 with radius r > 0 with respect to the
metric dy on R™ associated to N. Remember that this is a closed set in R"™
with respect to dy for each r > 0. It is easy to see that By (r) is complete as
a metric space with respect to the restriction of dy to By (r) for every r > 0,
as in Section 1.7. More precisely, any Cauchy sequence of elements of By ()
with respect to dy may be considered as a Cauchy sequence in R™ with respect
to dy as well. Such a sequence converges to an element of R™ with respect to
dy, because R is complete with respect to dy, as in the previous section. The
limit of this sequence is contained in By(7), because By(r) is a closed set in
R™ with respect to dy.

Let r be a positive real number, and let g be a Lipschitz mapping from
By (r) into R"™ with constant ¢ > 0, with respect to dy and its restriction to
By (r). Thus

(7.13.2) N(g(z) —g(y)) < cN(zx —y)

for every x,y € By(r). Suppose also that
(7.13.3) g(0) =0.

This implies that
(7.13.4) N(g(z)) <ecN(z)<ecr

for every x € Bx/(r), using (7.13.2) in the first step.
Suppose too that
(7.13.5) c<1,
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and let a € R™ be given, with

(7.13.6) N(a)<(1—¢)r.
Put
(7.13.7) ga(z) = g(z) +a

for each = € By(r), as before. Observe that
(7.13.8) N(ga(z)) < N(g(x))+ N(a) <cr+(1—c)r=r

for every x € By/(r), using (7.13.4) and (7.13.6) in the second step.

This shows that g, maps By(r) into itself under these conditions. Note
that g, is Lipschitz with constant ¢ with respect to dy as well, as in (7.12.8).
Hence we can apply the contraction mapping theorem to g, on By(r), because
of (7.13.5). This implies that there is a unique point x(a) € By(r) such that

(7.13.9) 9(x(a)) + a = go(x(a)) = z(a).
Let h be the mapping from By (r) into R™ defined by

(7.13.10) h(z) =z — g(z)

for every x € By(r). Observe that

(7.13.11) h(z(a)) = z(a) — g(z(a)) = a,

by (7.13.9). It follows that

(7.13.12) h(Bn(r)) 2 Ba((1=c)r)

in this situation. Note that h is Lipschitz with constant 1 + ¢ on By (r) with
respect to dy, and (7.12.12) holds for all x,w € By(r), as in Sections 7.7 and
7.11.

7.14 Open mappings

Let (X,dx) and (Y, dy) be metric spaces. A mapping f from X into Y is said
to be an open mapping if for every open set U C X

(7.14.1) f(U) is an open set in Y.

One can check that this happens if and only if for every z € X and r > 0 there
is a t > 0 such that
(7.14.2) By (f(x),t) C f(Bx(z,7)).

Let n be a positive integer, and let N be a norm on R"™. If v € R" and
r > 0, then let
(7.14.3) By(v,r)={weR" : N(v —w) <r}
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and o
(7.14.4) By, r)={w e R": Nv —w) <r}

be the open and closed balls in R"™ centered at v with radius r with respect to
the metric dy associated to V.

Let vo € R™ and 79 > 0 be given, and let f be a mapping from By (vg,7)
into R™. Suppose that f(x) — z is Lipschitz with constant ¢ > 0 on By (v, 7o),
with respect to dy and its restriction to By (vo,70). If ¢ < 1, then

(7.14.5) By (f(vo), (1 = ¢) 7o) € f(Bn(vo,70))-

This follows from the remarks in the previous section when vy = f(vg) = 0, and
otherwise one can reduce to this case.

Similarly, let v € R™ and r» > 0 be given, and let f be a mapping from
By (v,r) into R™. Suppose that f(z)— 2 is Lipschitz with constant ¢, 0 < ¢ < 1,
on By (v, ), with respect to dy and its restriction to By (v,r). Let w € By (v,r)
be given, and let 1 be a positive real number such that

(7.14.6) r <r—N(v-—w).

Note that » — N(v —w) > 0, and that (7.14.6) implies that
(7.14.7) By (w,r1) € By(v,r).

If 0 < rog < ry, then By(w,70) € By (w,r1), and

(7.14.8) Bn(f(w), (1 —¢)ro) € f(Bn(w,r0)),
as in (7.14.5). This implies that

(7.14.9) By(f(w), (1 =¢)r1) C f(Bn(w,r1)).

In particular, this means that f is an open mapping from By (v,r) into R,
with respect to dy and its restriction to By (v,r).



Chapter 8

Some topics related to
differentiability

8.1 An integral triangle inequality

Let m be a positive integer, and let N be a norm on R™ or C™. If vy,...,v; are
finitely many elements of R™ or C™ and ¢4, ...,t; are real or complex numbers,
as appropriate, then it is easy to see that

l

l
(8.1.1) N( th vk) <3 ltkl N(v)
k=1 k=1

We would like to consider analogous statements for integrals instead of finite
sums. Although this works for Riemann—Stieltjes integrals, it is sufficient to
consider Riemann integrals for the result in the next section.

Let a and b be real numbers with a < b, and let f be a continuous function
defined on the closed interval [a,b] with values in R™ or C™, as appropriate.
This implicitly uses the restriction of the standard Euclidean metric on the real
line to [a, b], and one can also use the standard Euclidean metric on R™ or C™,
as appropriate. Equivalently, f can be given as

(8.1.2) f@) = (f(0), .., fm(2)),

where f1,..., fm are continuous real or complex-valued functions on [a,b], as
appropriate. Of course, the continuity of a complex-valued function on [a, b
is equivalent to the continuity of its real and imaginary parts, as real-valued
functions on [a, b].

Let « be a monotonically increasing real-valued function on [a, b]. As before,
it suffices to consider the case where a(t) = ¢ for every t € [a,b] for the result
discussed in the next section, which corresponds to using ordinary Riemann
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integrals on [a, b]. To define the Riemann—Stieltjes integral

(8.1.3) / F£(#) da(t)

as an element of R™ or C™, as appropriate, one can take the jth coordinate
of (8.1.3) to be the Riemann-Stieltjes integral of f; with respect to « on [a, b]
for each j = 1,...,m. Similarly, the Riemann—Stieltjes integral of a continuous
complex-valued function on [a, b] can be reduced to the real case, by considering
the real and imaginary parts of the function.

Remember that N is (uniformly) continuous as a real-valued function on R™
or C™, as appropriate, as in Section 6.7. Thus N(f(t)) defines a nonnegative
real-valued continuous function on [a,b]. In particular, its Riemann—Stieltjes
integral over [a, b] with respect to « can be defined as a nonnegative real number
in the usual way.

Under these conditions, one can check that

(8.1.4) N(/abf(t) da(t)) < /:N(f(t))da(t).

More precisely, these integrals can be approximated by Riemann—Stieltjes sums
associated to sufficiently fine partitions of [a,b]. To get (8.1.4), one can use the
analogous inequalities for Riemann—Stieltjes sums, which follow from (8.1.1).
One can also consider Riemann-Stieltjes integrability conditions on [a,b], in-
stead of continuity.

8.2 A basic Lipschitz estimate

Let a and b be real numbers with a < b, and let m be a positive integer. Also
let f be a function defined on [a, b] with values in R™ or C™. The derivative
f/(t) of f at a point ¢ € (a,b) can be defined in the usual way, as the limit of
difference quotients, when the limit exists. Similarly, if £ = a or b, then one
can consider the corresponding one-sided limit. The differentiability of f at any
t € [a,b] is equivalent to the differentiability of the jth component f; of f at t
for each j = 1,...,m, as a real or complex-valued function on [a,b]. Similarly,
the differentiability of a complex-valued function on [a,b] is equivalent to the
differentiability of its real and imaginary parts. If f is differentiable at ¢ € [a, b],
then the jth coordinate of f’(t) is equal to the derivative of f; at t for each
j=1,...,m, and their common value is denoted f}(t).

Let us suppose from now on in this section that f is continuously differen-
tiable on [a,b]. This means that the derivative f’(t) exists for every t € [a, b],
and that f(t) is continuous as a function on [a, b] with values in R™ or C™, as
appropriate. Here we use the restriction of the standard Euclidean metric on
R to [a,b], and the standard Euclidean metric on R™ or C™, as appropriate.
Equivalently, f; should be continuously differentiable as a real or complex-valued
function on [a,b] for each j = 1,...,m. Of course, f'(t) is really a one-sided
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derivative when ¢ = a or b. If € [a,b], then the fundamental theorem of
calculus implies that

(3.2.1) | rwa=iw- s,

where the Riemann integral on the left side can be defined as in the previous
section. Of course, this can be reduced to the case of real-valued functions in
the usual way. Similarly, if a < w < x < b, then

(8:22) [ swae= s - )

w

Let N be a norm on R™ or C™, as appropriate. If a < w <z < b, then

(823)  N(f(@) - f(w) = N( /w CFar) < / NG

This uses (8.2.2) in the first step, and (8.1.4) in the second step, applied to f’
and «a(t) = t. Note that N(f'(t)) is continuous as a real-valued function on
[a,b], as in the previous section. In particular, N(f’(¢)) is bounded on [a,b],
because [a, b] is compact, and in fact the maximum of N(f’(¢)) is attained on
[a,b]. Tt follows from (8.2.3) that

(8.2.4) N(f(z) = f(w)) < |z —w| sup N(f'(t))

a<t<b

for every z,w € [a,b]. Thus f is Lipschitz with respect to the restriction of the
standard Euclidean metric on R to [a, b] and the metric dy associated to N on
R™ or C™, as appropriate.

More precisely,
(8.2.5) Lip(f) = sup N(f'(t)),

a<t<b

where Lip(f) is as defined in Section 7.7. The fact that Lip(f) is less than
or equal to the right side of (8.2.5) follows from (8.2.4). To get the opposite
inequality, it suffices to verify that N(f'(¢)) is less than or equal to Lip(f) for
every t € [a,b]. The difference quotients used to define f’(¢) have norm less than
or equal to Lip(f), by definition of Lip(f). This implies that N(f’(t)) < Lip(f),
by taking the limit of the difference quotient.

8.3 Some partial Lipschitz conditions

Let n be a positive integer, and let FE be a subset of R™. Also let (Y,dy) be a
metric space, and let f be a mapping from FE into Y. Suppose that [ is a positive
integer less than or equal to n, and that C is a nonnegative real number. Let
us say that f is partially Lipschitz in the lth variable with constant C; on E if

(8.3.1) dy (f(x), f(z")) < Ci |z — i
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for every z,2’ € E such that z; = 2/ when j # [. This means that f(z) is
Lipschitz as a function of x; with constant C;, when the other coordinates of
x are fixed. More precisely, this uses the restriction of the standard Euclidean
metric on R to the set of real numbers that occur as Ith coordinates of elements
of E, when the other coordinates are fixed. This is the same as saying that if L
is any line in R™ that is parallel to the Ith coordinate axis, then the restriction
of f to EN L is Lipschitz with constant Cj.

Let ay,...,a, and by,...,b, be real numbers such that a < by for each
k=1,...,n. Remember that the corresponding set
(8.3.2) C={zeR":ap <ap <bgforeachk=1,...,n}

is called a cell in R™, as in [155]. This is the same as the Cartesian product of
the closed intervals [ak, by, k = 1,...,n, as mentioned in Section 6.11. Suppose
now that f is a mapping from C into Y. Thus f(z) may be considered as a
function of z; on [a;, bj], when the other variables are fixed elements of [ay, bx],
k #1.

Let C} be a nonnegative real number for each [ = 1,...,n, and suppose that
f is partially Lipschitz in the [th variable with constant C; for eachl =1,... ,n.
Let z,w € C be given, and observe that

(8.3.3) dy (f(z), f(w)) < ZC; |z; — wy.
=1

To see this, one can go from z to w in n steps, only changing one coordinate in
each step. It follows that

(8.3.4) dy (J(@), f(w)) < (max 1) = wl,
where || - ||; is defined on R™ as in Section 1.3. Similarly,
n 0\ 1/2
(8.3.5) dy (f(@), f(w) < (D) " llo = wll,
=1
where || - ||2 is the standard Euclidean norm on R™. This uses the Cauchy—

Schwarz inequality, applied to the sum on the right side of (8.3.3). We also get
that

(8.3.6) dy (f(@), f(w)) < (3C) o = wlee,
=1

where ||-||o0 is as defined in Section 1.3. In particular, f is Lipschitz with respect
to the restrictions of the metrics on R™ associated to these norms to C.

Let f be a mapping from a set £ C R™ into Y again, and suppose that f
is partially Lipschitz in the /th variable on F with constant C; > 0 for every
l=1,...,n. If Cis acell in R"” with

(8.3.7) CCE,
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then the restriction of f to C has the same properties mentioned in the preceding
paragraph. In particular, if £ = R", then these properties hold for every
z,w € R™.

8.4 Partial derivatives

Let m and n be positive integers, and let U be a nonempty open subset of R™,
with respect to the standard Euclidean metric. Also let f be a mapping from
U into R™, and let z € U be given. If [ is a positive integer less than or equal
to n, then the Ith partial derivative

(8.4.1) af(x) =D f(x) = %(w)

of f at x can be defined, as usual, as the derivative of f in the [th variable at
x;, when it exists, and with the other variables being fixed. More precisely, if
we consider f as a function of the [th variable, with the kth variable equal to
x, when k # [, then f is defined on an open subset of the real line that contains
x;. Note that 9, f(x) exists if and only if the lth partial derivative 9, f;(x) of the
Jjth component f; of f at x exists for each j = 1,...,m, in which case 9, f;(z) is
the same as the jth component of 9, f(x) for each j = 1,...,m, as an element
of R™.

Let a1,...,a, and by,...,b, be real numbers with a < by for each k =
1,...,n, and let C be the corresponding cell in R™, as in (8.3.2). Suppose now
that f is a mapping from C into R™. Let z € C and a positive integer [ < n be
given. If a; < z; < by, then the [th partial derivative of f at x can be defined
as the derivative of f as a function of the Ith variable on [a;, b;] at z;, when it
exists, and with the other variables being fixed. If x; = a; or b;, then one can
use the corresponding one-sided derivative, as before.

Suppose that the [th partial derivative of f exists everywhere on C, and that
it is continuous as a mapping from C into R™, with respect to the restriction of
the standard Euclidean metric on R™ to C, and the standard Euclidean metric
on R™. Let N be a norm on R™. Remember that N is continuous on R™, as
in Section 6.7, so that N(9;f(x)) is continuous as a real-valued function on C.
This implies that N(9;f(z)) is bounded on C, because C is compact, and that
its maximum on C is attained.

Let dy be the metric on R™ associated to N. Using the remarks in Section
8.2, we get that f is partially Lipschitz in the {th variable on C, with respect to
dy on R™, with constant

(8.4.2) C = stellc) N(of(x)).

This is the smallest value of C; with this property, for the same reasons as
before.

Let f be a mapping from an open subset U of R™ into R"™ again. Let us say
that f is continuously differentiable on U if for each [ = 1, ... n, the Ith partial
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derivative 0 f(x) of f exists at every « € U, and defines a continuous mapping
from U into R™. This uses the restriction of the standard Euclidean metric on
R™ to U, and the standard Euclidean metric on R™, as usual. If C is a cell in
R”™ and C C U, then the restriction of f to C satisfies the analogous continuous
differentiability property on C.

8.5 Using the mean value theorem

Let n be a positive integer, let aq,...,a, and b1,...,b, be real numbers with
ap, < by for each k =1,...,n, and let C be the corresponding cell in R" again,
as in (8.3.2). Also let f be a real-valued function on C, and let 1 <1 < n be
given. Suppose that f(z) is continuous as a real-valued function of z; on [ay, by,
when zy, € [ak, bx] is kept fixed for k # 1.

Suppose in addition that f(x) is differentiable as a function of z; on (ay, b;)
when zy, € [ak, bi] is kept fixed for k # [, so that 9,f(x) is defined under these
conditions. Let us suppose as well that d;f(z) is bounded, and put

(8.5.1) Cy=sup{|Oif(z)] :x €C, a; <z <}

Under these conditions, one can use the mean value theorem to get that
f is partially Lipschitz in the [th variable on C, with respect to the standard
Euclidean metric on R, with constant C;. This is the smallest value of C; with
this property, as usual.

Now let U be a nonempty open subset of R"™, with respect to the standard
Euclidean metric, and let f be a real-valued function on U. Suppose that 9, f(x)
exists for every x € U, which implies that f is continuous as a function of z,
with the other variables kept fixed, everywhere on U. If

(8.5.2) cCcuU

and J;f is bounded on C, then we get that f is partially Lipschitz in the [th
variable on C, with constant C; as in (8.5.1), as before.

If 0,f is bounded on U, then this holds for every cell C as in (8.5.2). If 9 f
exists and is bounded on U for each [ = 1,...,n, then one can use this to get
that f is continuous on U, as in Exercise 7 on p239 of [155].

8.6 Directional derivatives

Let m and n be positive integers, and let U be an open subset of R", with
respect to the standard Euclidean metric. Also let f be a mapping from U into
R™, and let x € U and v € R™ be given. It is easy to see that

(8.6.1) U@, )={teR:z+tveU}

is an open set in the real line, with respect to the standard Euclidean metric on
R. Of course, 0 € U(x,v), because z € U. Let us consider

(8.6.2) faw(t) = f(z+tv)
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as an R™-valued function of ¢t € U(z,v). If this function is differentiable at 0,
then put

(8.6.3) Dy f(z) = fz.,(0).

This is the directional derivative of f at x in the direction v.
Let r € R be given, so that v € R™ too. Observe that

(8.6.4) U(z,rv)={teR:rteU(z,v)},
and
(8.6.5) Joro(t) = fou(rt)
on U(z,rv). If D, f(x) exists, then it is easy to see that D, f(z) exists, with
(8.6.6) D, f(z) =71 D,f(z).
Let e1,...,e, be the usual standard basis vectors in R™, so that the [th

coordinate of ey, is equal to 1 when k = [, and to 0 when k # [. The directional
derivative

(8.6.7) D., f(z)

is the same as the kth partial derivative Oy f(z), when it exists, for each k =
1,...,n.

If j € {1,...,m}, then let f;j(z) € R be the jth coordinate of f(z), as
an element of R™. Thus f;(x) defines a real-valued function on U for each
j =1,...,m. Of course, the directional derivative D, f(z) exists if and only
if the directional derivative D, f;(z) exists for every j = 1,...,m, in which
case D, f;(z) is the jth coordinate of D, f(x) for each j. Similarly, note that
f is continuously differentiable on U if and only if for each j = 1,...,m, f; is
continuously-differentiable as a real-valued function on U.

Suppose for the moment that D, f(z) exists for every v € R™. In some
situations, we may also have that

(8.6.8) Dyiwf(x) = Dyf(z) + Dy f(x)
for every v,w € R™. This means that
(8.6.9) v Dy f(2)

defines a linear mapping from R"™ into R™, because of (8.6.6). In this case, we
get that

(8.6.10) Dyf(x) =Y v Do, f(z) = vy Opf(x)
k=1 k=1

n
for every v € R", because v = >, _; v €.
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8.7 Differentiable mappings

Let m and n be positive integers again, and let U be a nonempty open subset
of R™, with respect to the standard Euclidean metric on R". Also let f be a
mapping from U into R™, and let « € U be given. We say that f is differentiable
at x if there is a linear mapping A from R"™ into R™ such that

lim | f(z+h) — f(z) — A(R)|2rm

h—0 |k =0

(8.7.1)

2,R"

Here || - [|lo,r= and || - ||2,r= are the standard Euclidean norms on R™ and R™,
respectively. It is easy to see that this implies that f is continuous at x.

Put
(8.7.2) U,={heR":2+heU},

which is an open set in R" that contains 0. Of course, f(x + h) is defined for
every h € U, by construction. Put

(8.7.3) a(h) = f(z+h) — f(z) — A(R)
for each h € Uy, so that

(8.7.4) flx+h) = f(z) + A(h) + a(h)
for every h € U,. Using this, (8.7.1) says that

. Na(®)]l2rm

(8.7.5) }1113% TS =0.
Similarly, if h € U, and h # 0, then put

(8.7.6) a(h) = a(h) |All5 g

Let us put a(0) = 0, so that

(8.7.7) fe+h) = f(z)+ A(h) + a(h) [|h]l2 r

for every h € U, as in (8.7.4). Clearly (8.7.5) is equivalent to

(8.7.8) lim ||ev(h)||2.rm = 0.
h—0

One can check directly that A is unique, when it exists. In this case, we put
f/(x) = A, which may be called the differential of f at x.

If n = 1, then this reduces to the usual definition of the derivative of a
function of one variable. More precisely, a linear mapping from R into R™
corresponds to multiplying a real number by a fixed element of R"™. The dif-
ferential of f at x is the linear mapping that corresponds to multiplying a real
number by the usual derivative of f at x, as an element of R™.
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Suppose that f is differentiable at z. If v € R™, then one can verify that
the directional derivative of f at x in the direction v exists, with

(8.7.9) D, f(z) = f'(z)(v).

In particular, if k£ € {1,...,n}, then the kth partial derivative of f at x exists,
with o7

8.7.10 —(z)=f .

(8.7.10) (@) = @)

Here ey, is the kth standard basis vector in R™, as before.

Remember that linear mappings from R"™ into R™ are associated to m x n
matrices of real numbers in a standard way, using the standard basis vectors
in R™. The entries of the matrix associated to f’(x) are given by the partial
derivatives of the m components of f at x. If m = 1, then this is related to the
gradient of f at x, as in (8.6.10).

If t € R, then t f is a function defined on U with values in R™ too. It is
easy to see t f is differentiable at = as well, with

(8.7.11) (tf) (@) =t f'(z).

Similarly, let g be another mapping from U into R™ that is differentiable at z.
One can check that f + g is differentiable at =, with

(8.7.12) (f+9) (@) =f(z)+ 7 (2)

One can verify that a mapping from U into R™ is differentiable at x if and
only if its m components are differentiable at x as real-valued functions on U.
Suppose now that f, g are real-valued functions on U that are differentiable at
x. It is not too difficult to show that f g is differentiable at x as well, with

(8.7.13) (f9)'(z) = g(z) f'(x) + f(2) ¢ (2).

8.8 Pointwise Lipschitz conditions

Let (X,dx) and (Y, dy) be metric spaces, and let f be a mapping from X into
Y. Also let z be an element of X, let C' be a nonnegative real number, and let
r be a positive real number. Let us say that

(8.8.1) fis pointwise Lipschitz at x with constant C up to the scale r

if for every w € X with
(8.8.2) dx(z,w) <,

we have that

Of course, this implies that

(8.8.4) f is continuous at x.
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We may allow r = 400 here too, so that (8.8.2) holds for every w € X.

Let m and n be positive integers, let U be a nonempty open subset of R,
and let f be a mapping from U into R™. Also let © € U be given, and suppose
that

(8.8.5) f is differentiable at x.
If N and Ny are norms on R™ and R™, respectively, then (8.7.1) is equivalent
to
N h) — —f h
(8.8.6) i N+ h) — fl@) - f@)R)

h—0 N()(h)

This follows from the comparison between N, Ny and the standard Euclidean
norms on R™, R™, respectively, as in Section 6.7.
Let € > 0 be given, so that there is a § > 0 such that
N(f(z+h) — f(x) = f(x)(h))

(8.8.7) () <e

for every h € R™ such that h # 0,
(8.8.8) No(h) < 0,

and z+h € U. This uses the comparison between Ny and the standard Euclidean
norm on R™ again, to express (8.8.8) in terms of Ny(h). We may as well take §
small enough so that (8.8.8) implies that x + h € U.

If h € R™ satisfies (8.8.8), then it follows that

(8.8.9) N(f(z +h) = f(z) = f'(z)(h)) < € No(h).
This implies that

N(f(z+h)=f(x)) < N(f(z+h)—f(z) - f(z)(h)+N(f'(z)(h))
(8.8.10) < N(f'(z)(h)) + € No(h)

when (8.8.8) holds. Using this, we get that

(8.8.11) N(f(x+h) = f(@) < ' @)lop No(h) + € No(h)
(1" @)lop + €) No(h)

when (8.8.8) holds, where || f’(z)||op is the operator norm of f’(z) corresponding
to Ny and N, as in Section 7.5. This is a pointwise Lipschitz condition for f at
x, with respect to the metrics associated to Ny and V.

Using (8.8.9) and the triangle inequality for N again, we get that

(8.8.12) N(f'(z)(h)) < N(f(z +h) = f(x)) + € No(h)

when h € R™ satisfies (8.8.8). Let r be a positive real number, let C(r) be a
nonnegative real number, and suppose that

(8.8.13) f is pointwise Lipschitz at x with constant C(r) up to scale r,
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with respect to the metric on R™ associated to N, and the restriction to U of
the metric on R™ associated to Ng. This means that

(8.8.14) N(f(z+h) = f(x)) < C(r) No(h)

for every h € R"™ such that
(8.8.15) No(h) <r

and z + h € U. As before, we may as well take r small enough so that (8.8.15)
implies that * + h € U, using the comparison between Ny and the standard
Euclidean norm on R™. Combining (8.8.12) and (8.8.14), we get that

(8.8.16)  N(f'(x)(h)) < C(r) No(h) + € No(h) = (C(r) + €) No(h)

for every h € R™ with
(8.8.17) No(h) < min(d,r).

It is easy to see that this implies that (8.8.16) holds for every h € R", because
f/(z)(h) is linear in h. More precisely, one can reduce to the case where (8.8.17)
holds, by multiplying h by a sufficiently small positive real number. It follows
that

(8.8.18) 1" @)llop < C(r) +e.

This implies that
(8.8.19) £/ (@)]lop < C(r),

because € > 0 is arbitrary.

8.9 The chain rule

Let m, n, and p be positive integers, let U be a nonempty open subset of R™,
and let f be a mapping from U into R™. Also let V be an open set in R™, and
suppose that

(8.9.1) fou)cw

If ¢ is a mapping from V into RP, then the composition g o f of f and g is
defined as a mapping from U into RP. Suppose that

(8.9.2) f is differentiable at x € U,
and that
(8.9.3) g is differentiable at f(z) € V.

Thus the differential f'(z) of f at z is defined as a linear mapping from R™ into
R™, and the differential ¢’(f(z)) of g at f(z) is defined as a linear mapping
from R™ into RP.

Under these conditions, it is not too difficult to show that

(8.9.4) g o f is differentiable at z,
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with
(8.9.5) (g0 f)(z) =g (f(x))o f'(x).

This is the analogue of the chain rule in this situation. One can check that this
reduces to the usual version of the chain rule for real-valued functions of one
real varaible when m =n=p=1.

If g is a linear mapping from R™ into RP, then one can check the chain rule
directly. Otherwise, one can use this to reduce to the case where

(8.9.6) g'(f(x)) =0,
and one can verify that
(89.7) (g0 f) (@) =0

when f satisfies a pointwise Lipschitz condition at x.

In particular, (8.9.5) can be used to obtain the partial derivatives of go f at
z in terms of the partial derivatives of f at x and the partial derivatives of g at
f(x). Similarly, let v € R™ be given, so that

(8.9.8) w=f'(z)(v) = Dy f ()

is an element of R™. Using (8.9.5), we get that

(8.9.9) Dy(go f)(x) = (g0 f)(2)(v) = ¢'(f(@)(f'(2)(v))
= (@) (w) = (Dug)(f(2)).

If m = 1, then this can be obtained from the usual chain rule for differentiable
real-valued functions of one real variable.

Let Iy, I be positive integers. Of course, constant mappings from R into
R'2 are differentiable at every point in R, with differential equal to 0. If f = A
is a linear mapping from R’ into R', then f is differentiable at every point
r € Rh ) with f/(z) = A.

It is well known that ¢ — #2 is differentiable as a real-valued function on the
real line, with derivative equal to 2¢. Let f be a real-valued function on U, and
suppose that f is differentiable at « € U. Using the chain rule, we get that

(8.9.10) f? is differentiable at x
too, with
(8.9.11) (f*)(2) = 2 f(2) f'(x).

Let g be another real-valued function on U that is differentiable at x, so that
g2 is differentiable at 2 as well, with

(8.9.12) (9%)(z) = 2g(z) g'(2).

Similarly, f + g is differentiable at x, so that (f + g)? is differentiable at z, with

(8.9.13) ((f +9)%) (@) = 2(f(2) + 9(2)) (f' (2) + ¢ ().
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Note that
(8.9.14) foa=0/2)((f+9)?° -1 —g%)

on U. It follows that f g is differentiable at x, with (f ¢)’(z) as in (8.7.13).

Similarly, it is well known that ¢ — 1/t is differentiable as a real-valued
function on R \ {0}, with derivative equal to —1/t2. Let f be a real-valued
function on U such that f(w) # 0 for every w € U, and suppose that f is
differentiable at x € U. The chain rule implies that

(8.9.15) 1/f is differentiable at z,
with
(8.9.16) (1/£) (z) = (=1/f(2)*) f' ().

In particular, one can use these remarks to get that polynomial functions on
R” are differentiable at every point. Similarly, rational functions are differen-
tiable on open sets where the denominator is not zero.

8.10 Continuous differentiability

Let m and n be positive integers, let U be an open set in R", and let f be a
mapping from U into R™. If

(8.10.1) f is differentiable at every point in U,

then f is said to be differentiable on U. Remember that f is said to be con-
tinuously differentiable on U if for each k = 1,...,n, the kth partial derivative
O f(z) exists at every x € U, and is continuous as a mapping from U into R™,
as in Section 8.4. It is well known that

(8.10.2) continuously-differentiable mappings on U are differentiable

in the sense just mentioned. More precisely, if € U, then f'(z) is the linear
mapping from R"™ into R™ defined by

(3103) P = 3 hi b f(a)
k=1

for every h € R"™.
To see this, suppose that f is continuously differentiable on U, and let x € U
be given. Suppose for the moment that

(8.10.4) Opf(x)=0 foreachk=1,...,n,

so that we would like to show that f is differentiable at x, with f’(z) = 0. This
is equivalent to saying that

o 1@+ 1) = f(@) g

=0.
h—0 ||h |2,R"

(8.10.5)
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Because 0y, f is continuous on U, (8.10.4) implies that dy f is as small as we want
near . One can use this to get (8.10.5), as in Sections 8.3 and 8.4.

Alternatively, it is not difficult to reduce to the case where m = 1. This
permits one to use the mean value theorem, as in Section 8.5. In order to
estimate

(8.10.6) flx+h)—f(z),

one can go from z to z + h in n steps, only changing one coordinate in each
step, as in Section 8.3.

We can reduce to the case where (8.10.4) holds, as follows. If w € U, then
put

(8.10.7) Fw) = f(w) = (wi — xx) O f ().

k=1

This defines a_mapping from U into R™, as a function of w. The partial
derivatives of f are given by

(8.10.8) O f(w) =0 f(w) —of(x)

for every w € U and [ = 1,...,n. In particular, fis continuously differentiable
on U, with

(8.10.9) af(z) =aif(z) — duf(x) =0

for every [ = 1,...,n. This implies that

(8.10.10) iy @+ h) = f@)]2mn
o no [l

=0,

as before. This is the same as saying that f is differentiable at x, with f’(x) as
in (8.10.3).

We can think of f/(x) as a function of © € U with values in the space
L(R"™,R™) of linear mappings from R"™ into R™. One can get nice metrics on
L(R™,R™) from norms in the usual way, such as the Hilbert—Schmidt norm or
the operator norm associated to the standard Euclidean norms on R™ and R™.
If f is continuously differentiable on U, then

(8.10.11)  f’ is continuous as a mapping from U into L(R", R™),

with respect to such a metric. Conversely, if f is differentiable on U, and if f’
is continuous on U in this sense, then

(8.10.12) the partial derivatives of f are continuous on U.

Thus continuous differentiability on U can be defined equivalently in this way.
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8.11 Another basic Lipschitz estimate

Let m and n be positive integers, let U be a nonempty open subset of R™,
and let f be a continuously-differentiable mapping from U into R™. Thus f is
differentiable at every = € U, as in the previous section, so that f/(z) is defined
as a linear mapping from R"™ into R™ for every x € U. We also have that f’ is
continuous on U, as before.

Let N and Ny be norms on R™ and R", respectively, and let || - ||op be
the corresponding operator norm for linear mappings from R"™ into R™, as in
Section 7.5. Remember that N and Ny can be compared with the standard
Euclidean norms on R™ and R", respectively, as in Section 6.7. This leads
to an analogous comparison between || - ||,, and the operator norm for linear
mappings from R" into R™ with respect to the standard Euclidean norms on
R™ and R™. In particular, one can use this to check that |- ||, is continuous on
the space of linear mappings from R into R™, with respect to the metric that
corresponds to the Hilbert—Schmidt norm on m X n matrices of real numbers.
This implies that

(8.11.1) ||f'(z)]|op is continuous as a real-valued function on U,

because f'(x) is continuous on U. If x € U and v € R", then the directional
derivative D, f(z) of f at = in the direction of v is the same as f’(z) applied to
v, as in (8.7.9). Hence

(811.2) N(D, f(2)) = N(f'@)(®)) < /' @)llop Now),

by the definition of | - ||op-
Let us suppose from now on in this section that U is also convex in R™. This
means that for each x,w € U and t € R with 0 <t < 1 we have that

(8.11.3) te+(1-t)wel.
Let z,w € U be given, and consider
(8.11.4) fEz+ (1 —-t)w) = fw+t(x—w))

as a function of ¢ € [0, 1] with values in R™. Because f is differentiable on U,
we can differentiate (8.11.4) in ¢, to get that

(8.11.5) %(f(tx + (1= t)w)) = (D) )tz + (1 — ) w)

for every t € [0, 1]. It follows that

(8.11.6) /0 (D(g—wy )tz + (L= t)w)dt = f(x) — f(w),

by the fundamental theorem of calculus.
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This implies that

(8117)  N(f(x) - f(w)) < / N((Dwy )t + (1= ) w)) dt,

as in Section 8.1. Combining this with (8.11.2), we get that

1
(8.11.8)  N(f(z) — f(w)) < No(z — w) /0 1 (tz + (1 =) w)|lop dt.
Suppose that f’ is bounded on U, and observe that
(8.11.9) N(f() = f(w)) < (sup |/ (w)llop ) No(w = w),
uelU

by (8.11.8). This means that f is Lipschitz as a mapping from U into R™, using
the restriction to U of the metric on R™ associated to Ny, and the metric on
R™ associated to N. More precisely, the corresponding Lipschitz constant is
given by
(8.11.10) Lip(f) = sup [|f'(w)]|op-

ueU

Indeed, Lip(f) is less than or equal to the right side of (8.11.10), because of
(8.11.9). In order to get the opposite inequality, one can check directly that
| (w)]|op is less than or equal to Lip(f) for every u € U, as in Section 8.8.

If m = 1, then we can take N to be the usual absolute value function on R.
In this case, one can use the mean value theorem to get that

(8.11.11) @) = f)] < (sup 1 (@) lop ) No(w — w)
uelU

for every x,w € U when f is differentiable on U, and f’ is bounded on U. The
corresponding Lipschitz constant of f on U is given by (8.11.10), as before.

8.12 Some remarks about connectedness

Let (X,dx) be a metric space. Remember that subsets A, B of X are said to
be separated in X if
(8.12.1) ANB=ANB=,

where A, B are the closures of A, B in X, respectively. A subset E of X is
said to be connected if E cannot be expressed as the union of two nonempty
separated subsets of X.

Let X be a subset of X, and remember that Xy may be considered as a
metric space with respect to the restriction of dx (z,w) to z,w € Xy. If A C X,
then let Ax be the closure of A in X, and let Ax, be the closure of A in X.
One can check that
(8.12.2) Ax, = Ax N Xy
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for every A C Xy. More precisely, if x is any element of X, then one can verify
that x is a limit point of A as a subset of X if and only if = is a limit point of
A as a subset of Xj.

If A, B are subsets of Xy, then it follows that

(8.12.3) A, B are separated as subsets of X

if and only if
(8.12.4) A, B are separated as subsets of X.

If E is a subset of Xg, then the previous statement implies that

(8.12.5) E is connected as a subset of X if and only if
E is connected as a subset of X.

Note that disjoint closed subsets of X are separated in X. One can check
that
(8.12.6) disjoint open subsets of X are separated in X

too. If X is not connected, then X can be expressed as the union of two
nonempty separated sets A, B. In this case, one can verify that

(8.12.7) A and B are each both open and closed in X.

Suppose that £ C X is not connected, so that £ = AUB for some nonempty
separated subsets A, B of X. If E' is a closed set in X, then one can check that

(8.12.8) A and B are closed sets in X.
If E is an open set in X, then one can verify that

(8.12.9) A and B are open sets in X.

8.13 Locally constant mappings

Let (X,dx) be a metric space, let Y be a set, and let f be a mapping from X
into Y. We say that f is locally constant on X if for every x € X there is a
positive real number r(z) such that

(8.13.1) f(w) = f(z)
for every w € X with dx(z,w) < r(z). 'Y is equipped with a metric dy, then
(8.13.2) any locally constant mapping from X into Y is continuous.

If YV is equipped with the discrete metric, as mentioned in Section 3.7, then it
is easy to see that

(8.13.3) every continuous mapping from X into Y is locally constant.
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Let f be a locally constant mapping from X into Y, and let E be a subset
of X. If F is connected as a subset of X, then

(8.13.4) f is constant on E.

Equivalently, if f is not constant on E, then FE is not connected. One way to see
this is to use the fact that f is continuous with respect to the discrete metric on
Y. It is well known that any continuous mapping from X into another metric
space maps connected subsets of X to connected subsets of the range. If E is
connected in X, then it follows that

(8.13.5) f(E) is connected with respect to the discrete metric on Y.

However, one can check that a subset of Y is connected with respect to the
discrete metric if and only if it has at most one element.

If X is not connected, then X can be expressed as the union of two nonempty
disjoint open sets, as in the previous section. One can use this to get a mapping
f from X into any set Y with at least two elements such that f is locally
constant on X, and not constant on X.

Let m and n be positive integers, let U be a nonempty open subset of R,
and let f be a mapping from U into R™. Suppose that f is differentiable on U,
and that
(8.13.6) f(x)=0

for every x € U. If U is convex, then it follows that f is constant on U, as in
Section 8.11. Similarly,

(8.13.7) the restriction of f to any convex open subset of U is constant.

One can check that open balls in R™ with respect to the metric associated to
any norm on R are convex. This implies that

(8.13.8) f is locally constant on U,

with respect to the restriction to U of the standard Euclidean metric on R™.
Of course, if f is any mapping from U into R™ that is locally constant with
respect to the restriction to U of the standard Euclidean metric on R”, then f
is differentiable on U, and satisfies (8.13.6) for every z € U.

If U is also connected as a subset of R™, then (8.13.8) implies that

(8.13.9) f is constant on U,

as before. More precisely, this uses the fact that U is connected as a subset of
itself, with respect to the restriction of the standard Euclidean metric on R™ to
U, as in the previous section. This is related to Exercise 9 on p239 of [155]. If
U is not connected as a subset of R™, then U can be expressed as the union of
two nonempty disjoint open subsets of R", as in the previous section. One can
use this to get a locally constant mapping from U into R™ that is not constant
on U, as before.
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8.14 Some local Lipschitz conditions

Let (X,dx) and (Y, dy) be metric spaces, and let f be a mapping from X into
Y. If z € X and r > 0, then we let

(8.14.1) Bx(z,r)

be the open ball in X centered at x with radius r» with respect to dx, as usual.
Let us say that

(8.14.2) f is locally Lipschitz with constant C > 0 at x
if there is a positive real number 7 such that
(8.14.3) the restriction of f to Bx(x,r) is Lipschitz with constant C,

with respect to the restriction of dx (-, ) to Bx (z,r). Note that this implies that
f is pointwise Lipschitz at x with constant C up to the scale r, as in Section
8.8.

We may also simply say that

(8.14.4) f is locally Lipschitz at x

if there is a nonnegative real number C such that f is locally Lipschitz at « with
constant C. Similarly, we may say that

(8.14.5) f is locally Lipschitz on X

if f is locally Lipschitz at every x € X. Of course, this implies that
(8.14.6) f is continuous on X.

Note that f is locally constant on X exactly when

(8.14.7)  f is locally Lipschitz with constant C' = 0 at every = € X.

Let W be an open subset of X, and suppose that the restriction of f to W
is Lipschitz with constant C' > 0, with respect to the restriction of dx(-,-) to
W. This implies that for each w € W, f is locally Lipschitz at w with constant
C.

Let K be a compact subset of X, and suppose that

(8.14.8) for each x € K, f is locally Lipschitz at .

This means that for every z € K, there is a positive real number r(x) and a
nonnegative real number C(z) such that the restriction of f to Bx(z,r(z)) is
Lipschitz with constant C(z). Thus K can be covered by open balls of this type,
and so there are finitely many elements x1,...,z; of K such that

l
(8.14.9) K C | Bx(xj,r(x)),

j=1
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because K is compact. If we put

(8.14.10) C= max, C(z;),

then it is easy to see that

(8.14.11) f is locally Lipschitz with constant C

at every x € K. More precisely, this holds at every x in the right side of (8.14.9).

Let m and n be positive integers, let U be a nonempty open subset of R”, and
let f be a continuously-differentiable mapping from U into R™. Also let N and
Ny be norms on R™ and R™, respectively, and let || - ||,p be the corresponding
operator norm for linear mappings from R™ into R™. Suppose that E is a
nonempty convex subset of R™ such that £ C U, and that

(8.14.12) |/ (w)]|op is bounded on E.

If ,w € F, then
(8.14.13) N(f(z) — f(w)) < (222 1/ (@)lap ) No(w = w),

as in Section 8.11. This means that
(8.14.14) the restriction of f to E is Lipschitz

with respect to the metric on R™ associated to N, and the restriction to E of
the metric on R™ associated to Nj.

If F is also closed and bounded in R, then F is compact in R™. It is well
known that this implies that E is compact as a subset of U, with respect to
the restriction to U of the standard Euclidean metric on R"™. Remember that
| f/(w)|lop is continuous as a real-valued function on U, as in Section 8.11. It
follows that (8.14.12) holds under these conditions.

One can check that open and closed balls in R™ with respect to the metric
associated to a norm are convex subsets of R", as before. If v € U and € is a
positive real number, then

(8.14.15) 1" (Wllop < I[1f"(0)llop + €

when u € U is sufficiently close to v, because || f'(u)||op is continuous at v. One
can use this to get that f is locally Lipschitz at v with constant

(8.14.16) C = [1£'()llop + <.

with respect to the metric on R™ associated to N, and the restriction to U of
the metric on R™ associated to Ny. We also have that ||f’(u)||,p is bounded
on any closed ball contained in U, as in the preceding paragraph. This implies
that the restriction of f to such a ball is Lipschitz, as before.



Chapter 9

More on differentiable
mappings

9.1 Continuously-differentiable mappings

Let m and n be positive integers, let U be an open subset of R", and let f be a
continuously-differentiable mapping from U into R™. Also let x be an element
of U, and put

(9.1.1) A= f'(z),

for convenience. Observe that f — A is continuously differentiable as a mapping
from U into R™ too. If w € U, then

(9-1.2) (f = A (w) = f'(w) — A= f'(w) - f'(2).

This tends to 0 as w approaches x, because f is continuously differentiable on
U.

Let Ny and N be norms on R™ and R™, respectively. Thus dy, (v, w) =
No(v—w) and dy(y, z) = N(y—z) are metrics on R™ and R™, respectively. The
corresponding operator norm for linear mappings from R"™ into R™ is denoted
Il - llop, as usual. In particular,

(9.1.3) 1 (w) = Allop = [If' (w) = f'(@)]lop = 0 asw — a,

because f is continuously-differentiable on U.
Let U; be a convex open subset of R™ such that x € U; and U; C U.
Suppose that f’ is bounded on U;, so that f’ — A is bounded on U; as well. Put

(9.1.4) bi = sup [[f'(w) — Allop.
welU;

The restriction of f — A to Uy is Lipschitz with constant by, as in Sections 8.11
and 8.14. This uses the restriction of dy, to Uy, and dy on R™.

146
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Suppose that
(9.1.5) N(A(v)) = N(f'(z)(v)) = ¢ No(v)

for some ¢ > 0 and all v € R™. This implies that
(9.1.6) dn(A(u), A(v)) > cdn, (u,v)

for every u,v € R", asin (7.9.5). Remember that there is a positive real number
¢ such that (9.1.5) holds for all v € R™ exactly when A is one-to-one on R™, as
in Sections 7.9 and 7.10.

Suppose that
(9.1.7) b <c.

Under these conditions, we have that

(9-1.8) dn (f(u), f(v)) = (¢ = b1) dn, (u,v)

for every u,v € U;. More precisely, this corresponds to (7.11.5), with some
changes in notation.
Similarly, if w € Uy, then

(9.1.9) N(f'(w)(v)) = (¢ = b1) No(v)

for every v € R™. This corresponds to (7.11.10).

Suppose for instance that U; is the open ball in R™ centered at « with radius
r > 0 with respect to dy,. This is a convex open subset of R", as before. If
r is small enough, then U; C U, because U is an open set in R" that contains
z. We can make b; as small as we want by taking r small enough, because of
(9.1.3). In particular, (9.1.7) holds when r is sufficiently small.

Some more properties of mappings like these will be discussed in Section 9.7.

9.2 Invertible linear mappings
Let n be a positive integer, and let
(9.2.1) LR™) =LR",R")

be the space of linear mappings from R™ into itself. Also let N be a norm on
R™, and let ||A||op be the corresponding operator norm for A € L(R™). More
precisely, this uses N on R™ as both the domain and range of A. Remember
that

(9.2.2) dop(A, B) = ||A — Bllop

defines a metric on L(R™).

Let I be the identity mapping on R"™, which sends every element of R™ to
itself. It is easy to see that
(9.2.3) 1 llop = 1.
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If A,B € L(R"), then their composition B o A defines a linear mapping from
R™ into itself as well, so that Bo A € L(R™). Remember that

(9.2.4) 1B o Allop < [[Allop | Bllop:

as in Section 7.8.

A linear mapping A from R"™ into itself is said to be invertible if A is a
one-to-one mapping from R” onto itself. In this case, the inverse mapping A~!
is linear as well. The collection of invertible linear mappings on R™ may be
denoted GL(R™). It is well known that A € L(R"™) is one-to-one if and only if

AR™) =R".
If Ae GL(R"), then
(9.2.5) N(A™ (W) < [ A7 lop N (u)

for every u € R™. More precisely, |A7!||,, is the smallest nonnegative real
number with this property, by definition of the operator norm. Equivalently,
(9.2.5) says that

(9.2.6) N(v) < A7 lop N(A(v))

for every v € R". Note that |A7!||,, > 0, because A=! # 0. Thus (9.2.6) is
the same as saying that

(9.2.7) IA7HIG, N(v) < N(A(v))

for every v € R".
Suppose that B € L(R") satisfies

(9.2.8) 1A = Bllop < 1/ A7 lop-
Using (9.2.7), we get that
(9.2.9) (A5, = [A = Bllop) N(v) < N(B(v))

for every v € R™, as in Section 7.11. In particular, this implies that B(v) = 0
only when v = 0, so that B is injective. It follows that B(R™) = R"™, and hence

(9.2.10) B e GL(R"),
as before. This shows that
(9.2.11) GL(R") is an open set in L(R"),

with respect to the metric (9.2.2) associated to the operator norm.
Note that

(9.2.12) N(B™Y W) < (A 52 = 14 = Bllop) ™" N(u)

for every u € R™, by (9.2.9). This means that

(9.2.13) 1B lop < (14715 = 1A = Bllop) ™"
1A o

L—[[A7 |op [A = Bllop
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in this situation. If
(9.2.14) [A = Bllop <1/ A lop),

then we get that
(9.2.15) 1B lop < 2[|A™|op-

Of course, (9.2.14) implies (9.2.8).
We would like to look at continuity properties of

(9.2.16) A A7

on GL(R™). If A, B € GL(R™), then it is easy to see that
(9.2.17) At —Bl'=A"10(B-A)oB™ "
This implies that

(9.2.18) 1A = B lop < 1A oy 1B lop 1A — Bllop-
If (9.2.14) holds, then we get that

(9.219) |47 = B0y < 2l A2, | A = Bllop,

by (9.2.15). It follows that B ~ B~! is continuous at A, with respect to the
metric (9.2.2) associated to the operator norm, and its restriction to GL(R™).

9.3 The inverse function theorem

Let n be a positive integer, and let N be a norm on R™, so that dy(v,w) =
N(v — w) is a metric on R™. Using N, we get the corresponding operator
norm || - |lop on the space L(R") of linear mappings from R"™ into itself, and
its associated metric, as in (9.2.2). Of course, one can simply take N to be the
standard Fuclidean norm on R".

Let W be an open subset of R™, and let f be a continuously-differentiable
mapping from W into R™. Also let w € W be given, and suppose that

(9.3.1) /' (w) is invertible

as a linear mapping from R"™ into itself. Under these conditions, the inverse
function theorem states that there are open subsets U and V' of R™ with the
following properties, which we describe in two parts.

In the first part,

(9.3.2) weU, UCW, and f(w) € V.
We are able to choose U and V so that

(9.3.3) f is a one-to-one mapping from U onto V.
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We can also choose U so that
(9.3.4)  f'(x) is invertible as a linear mapping on R" for each z € U.

In particular, we can define a mapping g from V onto U to be the inverse of
the restriction of f to U, so that

(9-3.5) 9(f(x)) ==

for every z € U. The second part of the inverse function theorem says that
(9.3.6) g is continuously-differentiable as a mapping from V into R",
with

(9.3.7) g' W) =gy

for every y € V. More precisely, the right side of (9.3.7) is the inverse of f'(g(y)),
as a linear mapping on R".
If x € U and g is differentiable at f(z) € V, then the chain rule implies that

(9-3.8) g'(f(x))o f'(z) =1,

because of (9.3.5). This is the same as (9.3.7), with y = f(z). The proof of the
inverse function theorem will be discussed in the next section. Note that the
proof could be simplified when n = 1, using the mean value theorem and the
intermediate value theorem, which is related to Exercise 2 on p114 of [155].

9.4 Proving the inverse function theorem

Let us continue with the same notation and hypotheses as in the previous sec-
tion. Remember that f’(x) is continuous as a function of x € W with values
in L(R"™), as in Section 8.10. We have also seen that the collection GL(R™)
of invertible linear mapping from R" into itself is an open set in £L(R"), as in
Section 9.2. It follows that

(9.4.1) {xeW: f(z) e GL(R")}

is an open set in R™, because W is an open set, by hypothesis. Of course, (9.4.1)
is the same as
(9.4.2) (f)"HGL(R™)),

where f’ is considered as a mapping from W into L(R"™).
To prove the inverse function theorem, we can reduce to the case where

(9.4.3) f'(w) is the identity mapping I on R".
More precisely, this can be obtained by replacing f with

(9.4.4) (f'(w)~" o f,
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as a continuously-differentiable mapping from W into Rn. It is easy to see that
the differential of (9.4.4) at w is equal to I, by construction. If we can prove
the inverse function theorem in this case, then the analogous conclusions for f
can be obtained by composing (9.4.4) with f’(w), as a linear mapping from R™
into itself.

Let By(w,r) be the open ball in R™ centered at w with radius r > 0 with
respect to dy(+,-), as before. Note that

(9.4.5) By(w,r) CW

when r is sufficiently small, because W is an open set that contains w. We also
have that f/(z) — I is as small as we want when = € R™ is close enough to
w, because f’(z) is continuous at w. In particular, we can choose r > 0 small
enough so that (9.4.5) holds and

(9.4.6) 1£"(x) = Tllop < 1/2

for every € R™ with N(z —w) < r. This implies that f’(z) is invertible when
N(x —w) < r, as in Section 9.2.
Using (9.4.6), we get that

(9.4.7) the restriction of f(x) —x to By(w,r)
is Lipschitz with constant ¢ = 1/2,

with respect to dy (-, -) and its restriction to By (w,r), as in Section 8.11. This
uses the fact that the differential of f(z)—x is equal to f/(x)—1I for each x € W.
It follows that

(9.4.8) f is bilipschitz on By (w,r),

as in Section 7.11, and in particular that f is one-to-one on By (w,r). The
restriction of f to By(w,r) is an open mapping too, as in Section 7.14. The
first part of the inverse function theorem now follows by taking

(9.4.9) U = By (w,T)
and
(9.4.10) V = f(Bn(w,r)).

Let g be the inverse of the restriction of f to Bx(w,r), as before. This is a
Lipschitz mapping from V into R™, with respect to dy(-,-) and its restriction
to V, because f is bilipschitz on By (w, ), as in the preceding paragraph. One
can verify that
(9.4.11) g is differentiable on V,

with differential as in (9.3.7), using the differentiability of f. This corresponds
to part of part (b) of Theorem 9.24 on p221 of [155], for instance. The continuity
of ¢’ on V follows from (9.3.7), because f’ and g are continuous, and using the
continuity of (9.2.16) on GL(R"™).
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9.5 Some remarks about R

Let n and m be positive integers, so that R®, R™, and R®"™ are the usual
spaces of n-tuples, m-tuples, and (n + m)-tuples of real numbers, respectively.
It will sometimes be convenient for us to identify R"™ with the Cartesian
product R™ x R™ of R™ and R™. Thus, if z = (z1,...,2,) € R" and y =
(y1,---,Ym) € R™, then we may identify

(9.5.1) (z,y) e R" xR™
with
(9.5.2) (X1, s Ty YLy -y Ym) € RV,

In particular, (x,0) and (0,%) can be identified with elements of R"*™.
If f is a function defined on a subset of R®*™, then we may use

(9.5.3) f(z,y)

to denote the value of f at the point in R"*™ identified with (z,y), when that
point is in the domain of f.

Let A be a linear mapping from R™t™ into R®. If z € R™ and y € R™,
then put

(9.5.4) Ay (z) = A(z,0)
and
(9.5.5) As(y) = A0, ).

This defines A; and A, as linear mappings from R™ and R™ into R", respec-
tively. Note that
(9.5.6) A(z,y) = Ar(z) + A2(y)

for every € R™ and y € R™. Conversely, if A; and As are linear mappings
from R™ and R™ into R", respectively, then (9.5.6) defines a linear mapping
from R™™™ into R".

Let A be a linear mapping from R™*™ into R", and let A; and A, be as
in (9.5.4) and (9.5.5), respectively. Also let € R™ and y € R™ be given, and
observe that
(9.5.7) A(z,y) =0

if and only if
(9.5.8) Ai(z) = —A2(y),

by (9.5.6). If A; is a one-to-one mapping from R™ onto itself, then (9.5.8) is
the same as saying that
(9.5.9) w = —A7 (A2(y))-

In particular, for each y € R™ there is a unique € R™ such that (9.5.7) holds
in this situation.

Clearly
(9.5.10) A (R™) C AR™™),
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by the definition (9.5.4) of A;. In particular, if A;(R"™) = R", then
(9.5.11) AR™™) = R".

Consider the mapping A from R™™ into itself defined by

~

(9.5.12) Az, y) = (A(z,y),y)

for every x € R™ and y € R™. This is a linear mapping from R™™™ into itself,
which can also be expressed as

-~

(9.5.13) Az, y) = (Au(z) + A2(y), v)

for every x € R™ and y € R™, by (9.5.6). If A; is a one-to-one mapping from
R™ onto itself, then one can check that

(9.5.14) A is a one-to-one mapping from R"T™ onto itself.

It is easy to see that the converse holds as well.

Let u1,...,Uny.m be the standard basis vectors in R®*™, so that for each
l=1,...,m+n, the [th coordinate of u; is equal to 1, and the other coordinates
of u; are equal to 0. If A is a linear mapping from R onto R"”, then

(9.5.15) R" is spanned by A(u1),. .., A(tUntm)-

Under these conditions, it is well known that there is a subset K of {1,...,n+m}
such that K has exactly n elements, and

(9.5.16) A(ug), k € K, forms a basis for R".

If K = {1,...,n}, then the linear mapping A; on R™ associated to A as in
(9.5.4) is invertible. Otherwise, one could rearrange the coordinates on R"*™
to reduce to this case.

9.6 The implicit function theorem

Let n and m be positive integers again, and let O be an open subset of R*T™,
with respect to the standard Euclidean metric. Also let f be a continuously-
differentiable mapping from O into R™. Suppose that a € R™ and b € R™ have
the properties that (a,b) € O and

(9.6.1) f(a,b) =0,

where (a, b) is identified with an element of R"*™ as in the previous section.
Put
(9.6.2) A= f'(a,b),

which is a linear mapping from R into R". This leads to a linear mappings
A; and As from R™ and R™ into R", respectively, as in (9.5.4) and (9.5.5).
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Suppose that
(9.6.3) A is a one-to-one mapping from R onto itself.

Under these conditions, the implicit function theorem states that there are open
sets U C R™™™ and W C R™ with the following properties, as in Theorem 9.28
on p224 of [155].

First,
(9.6.4) (a,b) e U, U C O, and be W.

Second, for each y € W there is a unique = € R” such that

(9.6.5) (xz,y) €U and f(z,y)=0.

If y € W, then let g(y) be the element of R™ just mentioned, so that g is a
mapping from W into R”, g(b) = a, and for every y € W we have that

(9.6.6) (9(y),y) €U

and

(9.6.7) f(g(y),y) = 0.

We also have that g is continuously differentiable on W, with
(9.6.8) g (b)=—-A7" o Ay,

To prove the implicit function theorem, we put

(9.6.9) F(z,y) = (f(z,9),y)

for every (z,y) € O, where the right side is identified with an element of R"T™,
as before. This defines F' as a continuously-differentiable mapping from O into
R"™  with R
(9.6.10) F'(a,b) = A,

where 4 is as in (9.5.12). In this situation, A is a one-to-one linear mapping
from R™™ onto itself, so that the inverse function theorem can be applied to

F at (a,b).
Thus there are open sets U, V in R**™ such that (a,b) € U, U C O,
(9.6.11) F(a,b) = (f(a,b),b) = (0,b) € V,

and F' is a one-to-one mapping from U onto V. The inverse G of the restriction
of F to U is a continuously-differentiable mapping from V" onto U. We also have
that G preserves the last m coordinates of points in its domain, because of the
analogous property of F.

Observe that
(9.6.12) W={yeR":(0,y) €V}

is an open subset of R™ that contains b. If y € W, then we can take g(y) € R"
so that

(9.6.13) (9(y),y) = G(0,y).

See [155] or other texts for more details.
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9.7 Local embeddings

Let n and m be positive integers, and let us continue to identify R"™™ with
R”™ x R™, as in Section 9.5. Suppose that A is a linear mapping from R into
R If v € R™, then A(v) € R"™™ can be expressed as

(9.7.1) A(v) = (A1(v), Az(v)),

where A;(v) € R™ and Ay(v) € R™, using the identification just mentioned.
More precisely, this defines A; and A, as linear mappings from R” into R™ and
R™, respectively. Conversely if A; and As are linear mappings from R™ into
R"™ and R™, respectively, then (9.7.1) defines a linear mapping from R"™ into
Rn—‘rﬂl.

Suppose now that
(9.7.2) A is injective on R™,

which implies that
(9.7.3) A, is invertible on R",

as before. Of course, (9.7.2) also implies that
(9.7.4) A is injective on R".

It can be shown that (9.7.4) implies a condition like (9.7.2), after rearranging
the coordinates on R™"*™ is a suitable way. We shall discuss this further at the
end of the section.

Note that
(9.7.5) Ayo AT!

defines a linear mapping from R" into R™. Put

(9.7.6) B(v) = (v, A3(A7 (1))

for every v € R"™, which defines a linear mapping from R"™ into R**™. Thus
(9.7.7) A= BoA,

as a mapping from R"™ into R"*T™,
Let W be an open subset of R”, and let f be a mapping from W into R*+™,
If w e W, then f(w) € R""™ can be expressed as

(9.7.8) f(w) = (fi(w), fa(w)),

where f1(w) € R™ and fo(w) € R™, as before. This defines f; and fo as
mappings from W into R™ and R™, respectively. Conversely, if f; and fo are
mappings from W into R™ and R™, respectively, then (9.7.8) defines f as a
mapping from W into R**™.

It is easy to see that f is differentiable at a point w € W if and only if

(9.7.9) f1 and fo are differentiable at w.
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In this case,
(9.7.10) f(w)(v) = (fi(w)(v), f3(w)(v))
for every v € R"™. Equivalently, this means that A = f/(w) corresponds to
Ar = f{(w) and Ay = f}(w) as in (9.7.1).

Similarly, one can check that f is continuously-differentiable as a mapping
from W into R™*™ if and only if

(9.7.11) f1 and fo are continuously-differentiable

as mappings from W into R™ and R™, respectively. In this situation, suppose
that w € W has the property that

(9.7.12) f1(w) is invertible

as a linear mapping from R™ into itself. Thus the inverse function theorem
implies that the restriction of f; to a suitable neighborhood U of w is a one-
to-one mapping onto a neighborhood V of f;(w), and that the corresponding
inverse mapping has some additional nice properties.

This can be used to obtain more information about the behavior of f near
w. Of course, this is all much simpler when f; is the identity mapping on R"™.
Otherwise, one can try to reduce to this case, at least locally near w. If f; has
a local inverse near w, as in the preceding paragraph, then f can be expressed
near w as the composition of f; with a simpler mapping into R*+™.

Let eq,..., e, be the standard basis vectors in R", and let uq, ..., %4+ be
the standard basis vectors for R™*™. If (9.7.4) holds, then

(9.7.13) A(e1),. .., A(en,) are linearly independent in R™*™.

In this case, it is well known that there is a set L C {1,...,n+m} with exactly
m elements such that

(9.7.14)  A(ey),...,A(en) together with uy, k € L, is a basis for R"*".
If L={n+1,...,n+m}, then it is easy to see that
(9.7.15) A (R™) = R",

so that (9.7.3) holds. Otherwise, one can get an analogous condition with the
coordinates on R™™ rearranged.

9.8 Ranks of linear mappings

In this section, we suppose that the reader has some familiarity with linear
algebra on Euclidean spaces. Let m and n be arbitrary positive integers, and
let A be a linear mapping from R™ into R™. It is easy to see that the image
A(R™) of R™ under A is a linear subspace of R™. The rank of A is defined to
be

(9.8.1) the dimension of A(R").
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Thus the rank of A is a nonnegative integer less than or equal to m.

Of course, the rank of A is equal to 0 exactly when A = 0 on R"™. The rank
of A is equal to m exactly when A(R") = R™.

Suppose that A has rank r > 1, and let wy,...,w, be a basis for A(R"). If
j€{1,...,r}, then choose v; € R™ such that

Observe that

(9.8.3) v1,...,0, are linearly independent in R",

because wq, ..., w, are linearly independent in R™. Let V be the linear span of
v1,...,0, in R™, so that

(9.8.4) V is a linear subspace of R" of dimension r.

In particular,

automatically. By construction, A(V) = A(R"™). One can check that

(9.8.6) the restriction of A to V' is one-to-one
in this situation.

Alternatively, let uq,...,u, be any basis for R”, such as the standard basis.
Thus
(9.8.7) A(R") is spanned by A(uy),. .., A(uy).
It is well known that a subset of the vectors A(uq),..., A(u,) forms a basis for
A(R™). Such a subset has exactly r elements, by hypothesis. The corresponding
subset of the vectors uq,...,u, can be used as a basis for a linear subspace V'

of R™ as in the preceding paragraph.
Now let Vj be a linear subspace of R™, and suppose that

(9.8.8) the restriction of A to V; is one-to-one.

The dimension of Vj is equal to the dimension of A(Vp), which is less than or
equal to the dimension of A(R™). Equivalently, the dimension of Vj is less than
or equal to r. The remarks in the previous paragraphs show that it is always
possible to choose Vj so that its dimension is equal to r. This shows that

(9.8.9) the rank of A is equal to the maximum of the dimensions

of the linear subspaces Vy of R™ on which A is one-to-one.

If A is one-to-one on R™, then the rank of A is equal to n. Conversely, if the
rank of A is equal to n, then A is one-to-one on R™.

Let Vi be a linear subspace of R™ on which A is one-to-one again, and let
B be another linear mapping from R™ into R™. If B is sufficiently close to A,
as linear mappings from R"™ into R™, then

(9.8.10) the restriction of B to V} is one-to-one
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as well. This can be obtained from the remarks in Section 7.11. It follows that
(9.8.11) the rank of B is greater than or equal to the rank of A

when B is sufficiently close to A. Note that the rank of B may be greater than
the rank of A in this case.

Let f be a continuously-differentiable mapping from an open subset W of
R"™ into R™, and let w be an element of W. Suppose that if x € W is sufficiently
close to w, then

(9.8.12) the rank of f(z) is equal to the rank of f'(w),

as linear mappings from R"™ into R™. The rank theorem describes the behavior
of f near w in this situation, and we shall return to this in Section 9.12.

9.9 Some remarks about determinants

Let n be a positive integer, and let [a;;] be an n x n matrix of real or complex
numbers. The determinant detla; ;] of [a;;] can be defined as a real or complex
number, as appropriate, in a standard way, as mentioned in Section 7.6. More
precisely, det[a, ;] is a polynomial of degree n in the entries a;;. In particular,

(9.9.1) det[a;,] is continuous

as a real or complex-valued function on the spaces M, ,(R), M,, ,(C) of n x n
matrices with entries in R, C, respectively, with respect to the metric associated
to the Hilbert—Schmidt norm.

Now let A be a linear mapping from R"™ or C” into itself. Remember that A
corresponds to an n X n matrix of real or complex numbers, as appropriate, as in
Section 7.2. The determinant det A of A is defined to be the determinant of the
corresponding matrix, as in Section 7.6 again. This defines continuous real and
complex-valued functions on the spaces L(R™), L(C") of linear mappings from
R”, C" into themselves, respectively, with respect to the metrics associated
to the corresponding Hilbert—Schmidt norms. One could also use the metrics
associated to the operator norms corresponding to the standard Euclidean norms
on R", C™, or to any other norms on R™, C".

It is well known that a linear mapping A from R™ or C" into itself is invert-
ible if and only if
(9.9.2) det A # 0.

The fact that the sets of invertible elements of L(R™), £L(C"™) are open sets with
respect to the metrics associated to the Hilbert—Schmidt or operator norms can
be obtained from this, and the continuity of the determinant.

If A is an invertible linear mapping on R™ or C", then it is well known
that the matrix corresponding to the inverse of A can be obtained from the
determinant of A and the determinants of (n — 1) x (n — 1) submatrices of the
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matrix corresponding to A, as in Cramer’s rule. This can be used to get the
continuity of
(9.9.3) A ATY

on the spaces of invertible elements of L(R™) or £(C™), with respect to the
restrictions of the metrics associated to the Hilbert—Schmidt or operator norms
to these spaces.

9.10 Some remarks about linear subspaces

In this section, we suppose again that the reader has some familiarity with linear
algebra on Euclidean spaces, although some basic notions will also be reviewed
here. In particular, if n is a positive integer, then a linear subspace of R"™ is a
subset V' of R™ such that

(9.10.1) utveV

for every u,v € V, and
(9.10.2) tveV

for every v € R" and t € R. If V' # {0}, then it is well known that V can be
spanned by finitely many of its elements. The smallest number of elements of
V that span V is known as the dimension of V| and is denoted dim V. This is a
nonnegative integer less than or equal to n, which is interpreted as being equal
to 0 when V = {0}.

If V, W be linear subspaces of R™, then their sum may be defined as the
subset of R™ given by

(9.10.3) V+W={v+w:veV,weW}
It is easy to see that this is a linear subspace of R™ too. Note that
(9.10.4) dim(V+ W) <dimV + dim W.

It is easy to see that the intersection of V' and W is a linear subspace of R™
as well. If
(9.10.5) Vnw = {0},

then V' and W may be said to be transverse as linear subspaces of R™. This
means that the elements of V' 4+ W can be expressed in a unique way as v + w,
with v € V and w € W. In this case,

(9.10.6) dim(V 4+ W) = dim V + dim W,

because one can combine bases for V and W to get a basis for V+W. Conversely,
it is not too difficult to show that (9.10.6) implies (9.10.5).

Let m be another positive integer, and let A be a linear mapping from R"™
into R™. The kernel or null space is defined by

(9.10.7) ker A= {v e R": A(v) = 0}.
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It is easy to see that this is also a linear subspace of R™. One can check that
(9.10.8) ker A = {0}

if and only if A is one-to-one on R™. Of course, A(R™) is a linear subspace of
R, as mentioned in Section 9.8.

Suppose that A # 0, so that the dimension r of A(R™) is positive. One can
choose v1,...,v, € R" such that

(9.10.9) A(vy),...,A(v,) is a basis for A(R"),

as in Section 9.8. In this case, vq,...,v, are linearly independent in R", as
before. If V is the linear span of vq,..., v, in R™, then one can check that
(9.10.10) V+kerA=R"

and

(9.10.11) V N (ker A) = {0}.

This implies the well-known fact that
(9.10.12) dimker A + dim A(R™) = n,

because dim A(R™) = r = dim V.

9.11 Complementary linear subspaces

Let n be a positive integer, and let V', W be linear subspaces of R™. We say
that V' and W are complementary linear subspaces of R" if

(9.11.1) V4+W=R"

and (9.10.5) holds. This means that every element of R™ can be expressed in a
unique way as a sum of elements of V' and W, as before. Note that

(9.11.2) dimV +dimW =n

in this case. If V and W are any two linear subspaces of R™ that satisfy (9.11.2),
then one can check that (9.10.5) is equivalent to (9.11.1).

If V is any linear subspace of R"™, then one can find a linear subspace W of
R™ such that

(9.11.3) V and W are complementary linear subspaces of R".

One way to do this is to start with a basis for V', and extend it to a basis for R".
In this case, one can check that the linear span of the additional basis elements
is complementary to V' in R”.

A linear mapping P from R" into itself is said to be a projection if

(9.11.4) PoP=P
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on R™. In this case, one can check that
(9.11.5) ker P and P(R") are complementary linear subspaces of R".

One can also verify that

(9.11.6) I — P is a projection on R"
as well. In fact,

(9.11.7) ker(I — P) = P(R")
and

(9.11.8) (I — P)(R") =ker P.

If V and W are comlementary linear subspaces of R, then there is a unique
projection P on R"™ such that

(9.11.9) ker P =V
and
(9.11.10) P(R™) = W.

More precisely,
(9.11.11) Plv+w)=w

for every v € V and w € W. This can be used to define P on R", because every
element of R™ can be expressed in a unique way as a sum of elements of V' and
W, as before.

9.12 The rank theorem
Let m, n, and r be positive integers with
(9.12.1) r < min(m,n).

Also let W be a nonempty open subset of R™, and let F' be a continuously-
differentiable mapping from W into R™. Suppose that

(9.12.2) the rank of F'(w) is equal to r for every w € W.

Let a € W be given, and put

(9.12.3) A= F'(a).
Also put
(9.12.4) Y = A(R"),

which is a linear subspace of R™ of dimension r. Let Y5 be a linear subspace
of R™ such that

(9.12.5) Y: and Y5 are complementary linear subspaces of R™,
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as in the previous section. This leads to a projection P on R™ such that

(9.12.6) PR™) =Y,
and

(9.12.7) ker P = Y5,
as before.

Under these conditions, there are open subsets U, V of R™ with the following
properties. First,
(9.12.8) a€Uand U CW.

Second, there is a one-to-one mapping H from V onto U such that

(9.12.9) H is continuously differentiable on V,
(9.12.10) H~' is continuously differentiable on U,
and

(9.12.11) P(F(H(x))) = A(x)

for every € V. This is part of the rank theorem, as on p229 of [155]. More
precisely, (9.12.11) corresponds to (71) on p230 of [155].
Of course, (9.12.2) implies that

(9.12.12) the rank of A = F'(a) is equal to r.
If w € W is sufficiently close to a, then (9.12.12) implies that
(9.12.13) the rank of F'(w) is greater than or equal to r,

because F'(w) is close to F'(a), as in Section 9.8. Remember that the rank
of any linear mapping from R™ into R™ is less than or equal to min(m,n). If
r = min(m,n), then (9.12.12) implies that

(9.12.14) the rank of F'(w) is equal to r
when w € W is sufficiently close to a.
In this case, we can get (9.12.2) by replacing W with a sufficiently small open

set in R™ that contains a.
If r = m, then (9.12.12) is the same as saying that

(9.12.15) Y, = AR") = R™

This implies that Yo = {0}, so that P is the identity mapping on R™. In this
case, (9.12.11) means that

(9.12.16) F(H(z)) = A(z)

for every x € V.

If r = m = n, then A = F'(a) is invertible on R", and the rank theorem
is basically the same as the inverse function theorem. If r = m < n, then the
rank theorem is closely related to the implicit function theorem.

If » = n, then (9.12.12) is the same as saying that

(9.12.17) A = F'(a) is injective on R™.

If r = n < m, then the rank theorem is related to the remarks in Section 9.7.
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9.13 Proving this part

Let us continue with the same notation and hypotheses as in the previous sec-
tion. Note that
(9.13.1) dimY; =,

by (9.12.4) and (9.12.12). Let y1,...,y, be a basis for Y;.
Choose z; € R" for each j =1,...,r so that

(9.13.2) A(zj) = yj.

Let T be the unique linear mapping from Y7 into R™ such that

(9.13.3) T(y;) = z;

foreach j =1,...,r. Thus A(T'(y;)) = A(z;) =y, foreach j =1,...,r, so that
(9.13.4) AT() =y

for every y € Y7.
If w € W, then put

(9.13.5) G(w) = w + T(P(F(w) — A(w))),

as in (69) on p229 of [155]. This defines a continuously-differentiable mapping
from W into R"™. It is easy to see that

(9.13.6) G'(a) = Inn,

the identity mapping on R™, because A = F’(a). Thus the inverse function
theorem implies that there are open subsets U and V' of R™ such that U satisfies
(9.12.8), and the restriction of G to U is a one-to-one mapping from U onto
V' whose inverse is continuously differentiable too. Let H be the inverse of the
restriction of G to U, which is a one-to-one mapping from V onto U that satisfies
(9.12.9) and (9.12.10).
Note that
(9.13.7) H'(z) is invertible for every x € V,

as in Section 9.3. We may also suppose that
(9.13.8) V is convex,

by replacing it with a convex open subset that contains G(a), if necessary, and
adjusting U appropriately.

Let us check that
(9.13.9) AoToPoA=A,

as a linear mapping from R"™ into R™. More precisely,

(9.13.10) PoA=A,
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as a linear mapping from R”™ into Y7 = A(R"™), because P is a projection of
R™ onto Y7, as in the previous section. We also have that A oT is the identity
mapping on Y7, as in (9.13.4). This implies (9.13.9).

If w € W, then

(9.13.11) A(G(w)) = A(w) + A(T(P(F(w) — A(w)))),
by (9.13.5). This implies that

(9.13.12) A(G(w)) = A(T(P(F(w)))),
because of (9.13.9). It follows that

(9.13.13) A(G(w)) = P(F(w)),

as in (70) on p230 of [155]. This uses (9.13.4), and the fact that P maps R™
into Y7.

It is easy to see that (9.12.11) follows from (9.13.13), by taking w = H(z),
x € V. Some more properties of F'o H will be discussed in the next section.

9.14 Some more properties of ['o H

We continue with the same notation and hypotheses as in the previous two
sections. Put
(9.14.1) O(z) = F(H(x))

for each € V, so that ® is a continuously-differentiable mapping from V' into
R™. Of course,
(9.14.2) &' (z) = F'(H(z)) o H'(2)

for every x € V, by the chain rule. This implies that

(9.14.3) the rank of ®(x) is equal to the rank of F'(H (z))
for every x € V, because of (9.13.7). It follows that

(9.14.4) the rank of ®'(z) is equal to r

for every x € V, because of (9.12.2), as in (75) on p230 of [155].
Observe that
(9.14.5) Pod=A

on V, by (9.12.11). This implies that
(9.14.6) Pod'(z)=A

for every x € V, by the chain rule.
Let © € V be given, and put

(9.14.7) M = (2'(z))(R")
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which is a linear subspace of R™. Note that
(9.14.8) dim M =r,

by (9.14.4). We also have that

(9.14.9) P(M)=AR") =Y,

using (9.14.6) in the first step, and the definition (9.12.4) of Y7 in the second
step. It follows that
(9.14.10) P is one-to-one on M,

because M and Y; have the same dimension r.
Suppose that h € R™ satisfies

(9.14.11) A(h) =0.

This means that
(9.14.12) P((®'(x))(h)) =0,

because of (9.14.6). Using (9.14.10), we get that
(9.14.13) (@' (x))(h) =0,

because h € M.
Suppose that y € V satisfies

(9.14.14) Aly) = A(z).

We would like to show that

(9.14.15) O(z) = D(y),

which corresponds to (74) on p230 of [155]. If t € R and 0 < ¢ < 1, then

(9.14.16) l1-t)z+tyeV,

because of (9.13.8). In this case,

d
(9.14.17) %Q((l —tax+ty) =@ ((1-t)x+ty))(y—2z)=0,
using (9.14.13) in the second step, and the fact that A(y —x) = 0, by (9.14.14).
This implies (9.14.15).
Put
(9.14.18) ¥(z) = P(z) — A(z) = F(H(z)) — A(x)

for every x € V, as in (72) on p230 of [155]. This defines a continuously-
differentiable mapping from V into R™ with

(9.14.19) P(p(x)) =0
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for every x € V, because of (9.12.11), or equivalently (9.14.5). This means that
(9.14.20) (V) Cker P = Vs,

using (9.12.7) in the second step. Note that

(9.14.21) Y(z) =v(y)

for all z,y € V that satisfy (9.14.14), because of (9.14.15), as in (74) on p230 of
[155].

One may prefer to consider ¢ (z) as a function of A(z) € A(R") =Y}, as in
[155].



Chapter 10

Product spaces and related
matters

10.1 Products of metric spaces

Let (X1,dx,),.-.,(Xn,dx,) be finitely many metric spaces. Also let
(10.1.1) X=X x Xy x-x X, = [[ X

be the Cartesian product of Xq,...,X,, as sets. This is the set of n-tuples
z=(T1,...,x,) with z; € X, foreach j=1,...,n

We would like to define suitable metrics on X using dx,,...,dx, , and indeed
there are various ways to do this, as usual. If z,y € X, then put

(10.1.2) dx 1(z,y) de 5, 95)-

It is easy to see that this defines a metric on X.
Similarly, put

(10.1.3) dx oo (z,y) = max, dx;(z,9;)

for every z,y € X. One can check that this defines a metric on X as well. More
precisely, the triangle inequality for dx o follows from the triangle inequality

for the norm || - || on R, as in Section 1.3.
Put
1/2
(10.1.4) dx 2(x,y) (de zj,Y5) )

for each z,y € X, using of course the nonnegative square root on the right
side. One can verify that this satisfies the triangle inequality, using the triangle

167
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inequality for the standard Euclidean norm on R™. It follows that dx o defines
another metric on X.

If n =1, then X = X, and dx 1, dx, 2, and dx o are all the same as dx, .

Suppose for the moment that X; = R for each j = 1,...,n, equipped with
the standard Euclidean metric. In this case, X is the same as R™. The metrics
dx 1, dx,2, and dx - on X are the same as the metrics associated to the norms
Il 1l1, |l - |2, and || - ||oo on R™, respectively, as in Section 1.3.

Let (X;,dx,) be any metric space for j = 1,...,n again. Observe that

(1015) dX,oo(xay> S dX,l(xvy)7 dX,Q(x7y)

for every z,y € X. We also have that

(10.1.6) dx2(7,y) < dx1(x,y)
for every z,y € X, because the standard Euclidean norm on R” is less than or
equal to the norm || - ||1, as in Section 1.5.
Similarly,
(10.1.7) dx2(z,y) < nt/? dx 0oz, y)
and
(10.1.8) dx1(z,y) <ndxco(z,y)

for every z,y € X. As before, one can use the Cauchy-Schwarz inequality to
get that
(10.1.9) dx 1 (z,y) <n'/?dxs(z,y)

for every z,y € X.

One can use these inequalities to get that dx 1, dx 2, and dx o, have many
of the same properties on X, in essentially the same way as for the analogous
metrics on R™. In particular, these metrics determine the same collections of
open sets, closed sets, compact sets, and so on, in X. They also determine
the same limit points of subsets of X, and the same convergent sequences and
Cauchy sequences. Some of these and related properties will be discussed further
in the next sections.

These metrics have many of the same properties in terms of continuity con-
ditions for mappings between X and other metric spaces too. More precisely,
the identity mapping on X is Lipschitz as a mapping from X equipped with any
of these three metrics into X equipped with any other of these three metrics.
This implies that the identity mapping on X is uniformly continuous and thus
continuous as a mapping from X equipped with any of these three metrics into
X equipped with any other of these three metrics.

10.2 Open and closed sets

Let (X1,dx,),...,(Xn,dx,) be finitely many metric spaces again, put X =
H?:1 X, and let dx 1, dx,2, and dx o be the metrics defined on X as in the
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previous section. Let © = (z1,...,z,) € X and r > 0 be given, and for each
j=1,...,n,let -
(10.2.1) Bx;.dx, (%5,7), Bx,.ax, (%;,7)

be the open and closed balls in X; centered at x; with radius » with respect to
dx,, respectively. Similarly, let

(1022) BX,dX,1(xvr)v BX,dXQ(iL’,?"), BX,dX,oo(xaT)
and - - -
(10.2.3) Bx,ax,(x,7), Bx,dx.(x,7), Bx,dx .. (z,7)

be the open and closed balls in X centered at  with radius r with respect to
dx 1, dx,2, and dx o, respectively.
It is easy to see that

(10.2.4) Bx.ay...(z,7) HBXJ,dx zj,7)
and n
(10.2.5) Bx.ix,. (2.7) H s, (5,7),

by the definition (10.1.3) of dx co. Usmg (10.1.5) and (10.1.8), we get that

(10.2.6) Bx,ax,(x,7) € Bx.ay. .. (7,7) € Bx,ax,(z,n7)
and - o o

(10.2.7) Bx ay.(x,7) € Bx,ax . (x,7) € Bx,ax,(z,n7).
Similarly,

(10.2.8) Bxax.,(®,7) € Bx .y, .. (7,7) C Bx.dy,(, n'/?r)
and o o o

(10.2.9) BXde,2 (z,7) C BXde,oc (z,r) C BX,dx,g (m, n'/? r),

by (10.1.5) and (10.1.7). We also have that
(10.2.10) Bx,ix,(x,7) € Bx,ax,(z,17) C Bxydxyl(:v,nl/2 r)

and
(10.2.11) Bx,ax,(2,7) € Bx,ax,(2,7) € Bxax, (x,n'?7),

by (10.1.6) and (10.1.9).

Let U; be an open subset of X; with respect to dx ; for each j =1,...,n
One can check that .
(10.2.12) v=]][uU
j=1

is an open set in X with respect to dx o, using (10.2.4). It follows that U is an
open set with respect to dx 1 and dx o as well, by (10.2.6) and (10.2.8).
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Let A; C X, be given for each j =1,...,n, and put
n
(10.2.13) A=TJ4;.
j=1

One can verify that the closure of A in X with respect to dx  is equal to

n
(10.2.14) 114
j=1
where /TJ is the closure of A; in X; with respect to dx; for every j =1,...,n.

This is the same as the closure of A in X with respect to dx,; and dx 2. In
particular, if

(10.2.15) A; is a closed set in X
with respect to dx; for each j =1,...,n, then
(10.2.16) A is a closed set in X

with respect to dx 1, dx,2, and dx o

10.3 Sequences and bounded sets

Let (X1,dx,),...,(Xn,dx,) be finitely many nonempty metric spaces, put X =
H?Zl X, and let dx 1, dx 2, and dx o be the metrics defined on X as in Section
10.1. Also let {x(I)};°, be a sequence of elements of X, so that

(10.3.1) z() = (x1(1), ..., 2,(1))

for each [ > 1. One can check that

(10.3.2) {z(1)}72, converges to = (£1,...,%,) € X
with respect to dx o if and only if

(10.3.3) {z;(1)};2; converges to z; in X,

with respect to dy, for each j = 1,...,n. This is equivalent to the convergence

of {z(1)}2, to  in X with respect to dx i, and with respect to dx 2, as well.
Similarly,

(10.3.4) {z(1)}2; is a Cauchy sequence in X

with respect to dx o if and only if
(10.3.5) {z;(1)};2, is a Cauchy sequence in X

with respect to dx; for each j = 1,...,n. This is equivalent to {z(I)};2, being a
Cauchy sequence in X with respect to dx,;, and with respect to dx 2. Observe
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that the completeness of X with respect to any of the metrics dx 1, dx 2, and
dx, are equivalent. The completeness of X with respect to these metrics is
equivalent to the completeness of X; with respect to dx, for each j =1,...,n.

Note that the boundedness of any subset of X with respect to any of the
metrics dx 1, dx,2, or dx ~ implies the boundedness of the set with respect to

the other two metrics. Let E; be a nonempty subset of X; for each j =1,...,n,
and put
(10.3.6) E=]]E;.
j=1
If
(10.3.7) E; is bounded in X
with respect to dx; for each j =1,...,n, then it is easy to see that
(10.3.8) E is bounded in X

with respect to dx 1, dx,2, and dx o. Conversely, if E is bounded in X with
respect to dx 1, dx 2, or dx o, then F; is bounded in X; with respect to dx,
foreach j=1,...,n.

Suppose that Ej; is bounded in X; with respect to dx; for each j = 1,...,n,
and let
(1039) diaij_,de Ej

be the diameter of E; as a subset of X; with respect to dx, forevery j =1,...,n,
as in Section 4.1. One can verify that the diameter of E as a subset of X with
respect to dx o is given by

(10310) diamxdxwa = 1Iélj_aSXn (diaij7de Ej)

Similarly, the diameter of I/ with respect to dx i is given by

(10.3.11) diamy g, E =) diamx, a, Fj.

Jj=1

The diameter of E with respect to dx 2 is given by

(10.3.12) diamx iy, B = (Y (diamy, ay, F)?) 12

Jj=1

The total boundedness of any subset of X with respect to any of dx 1, dx 2,
and dx o, implies the total boundedness of that set with respect to the other
two metrics. If
(10.3.13) E; is totally bounded in X

with respect to dx; for each j =1,...,n, then one can check that

(10.3.14) E is totally bounded in X
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with respect to dx 0.
More precisely, let » > 0 be given, and suppose that

(10.3.15) E; can be covered by L;(r) balls of radius r
in X; for each j =1,...,n. One can verify that I/ can be covered by
(10.3.16) L(r) =[] Li(r)

j=1

balls of radius r in X with respect to dx .. This uses the products of the balls
in the covering of X; for each j.

This implies that E is totally bounded with respect to dx, and dx 2, as
before. Conversely, if ' is totally bounded in X with respect to dx 1, dx 2, or
dx, 0, then Ej is totally bounded in X; with respect to dx, foreach j =1,...,n.

10.4 Products of compact sets

Let (X1,dx,), ..., (Xn,dx, ) be finitely many metric spaces, put X = H;-Lzl X,
and let dx 1, dx 2, and dx o be the metrics defined on X as in Section 10.1. If
a subset of X is compact with respect to dx 1, dx 2, or dx o, then it is compact
with respect to the other two metrics. This follows from the fact that an open
subset of X with respect to dx 1, dx 2, or dx o is an open set with respect to
the other two metrics.

Similarly, if a subset of X is sequentially compact with respect to any of the
metrics dx,1, dx 2, or dx o, then one can check directly that it is sequentially
compact with respect to the other two metrics. This uses the fact that conver-
gence of sequences of elements of X with respect to dx i1, dx,2, and dx o are
the same, as in the previous section.

Let K; be a compact subset of X; with respect to dx; for each j =1,...,n,
and put

(10.4.1) K =] K;.
j=1

It is well known that
(10.4.2) K is compact in X,

with respect to any of the metrics dx 1, dx,2, and dx . This may be considered
as a particular case of a famous theorem of Tychonoff for arbitrary topological
spaces, instead of metric spaces. Let us mention a couple of other ways to look
at this.

If K is sequentially compact in X; with respect to dx; for each j =1,...,n,
then
(10.4.3) K is sequentially compact in X

with respect to any of the metrics dx 1, dx 2, and dx .. This can be seen
using an argument like one in Section 5.1, when the set E considered there is
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{1,...,n}. Remember that compactness and sequential compactness are equiv-
alent in metric spaces, as in Sections 4.5 and 4.6.
Alternatively, if

(10.4.4) K is compact in X
with respect to dx; for each j =1,...,n, then
(10.4.5) K is closed and totally bounded in X

with respect to dx; for every j =1,...,n. This implies that
(10.4.6) K is closed and totally bounded in X

with respect to each of dx 1, dx 2, and dx o, as in the previous two sections.
If X is complete with respect to dx 1, dx 2, or dx 0, then it follows that K is
compact, as in Section 4.7. If

(10.4.7) X is complete with respect to dx;
for each j =1,...,n, then X is complete with respect to each of dx 1, dx 2, and
dx,, as in the previous section.

Note that one can reduce to the case where K; = X; for each j = 1,...,n,

by standard results. It is well known that compact metric spaces are complete,
as in Section 4.7. Thus the argument mentioned in the preceding paragraph can
be used when K; = X for each j =1,...,n.

If K; # 0 foreach j = 1,...,n, and K is compact in X with respect to dx 1,
dx 2, or dx , then it is not too difficult to show that K is compact in X; with
respect to dx; for each j =1,...,n.

10.5 Some mappings on products

Let (X1,dx,), ..., (Xn,dx, ) be finitely many nonempty metric spaces, put X =
H?Zl Xj,and let dx 1, dx 2, and dx o be the metrics defined on X as in Section
10.1. f x = (z1,...,2,) € X and 1 <1 < n, then put

(10.5.1) pi(z) = 2.

This defines a mapping p; from X onto Xj.
Clearly

(105.2)  dx, (pi(x), p(w)) = dx, (z,w) < dx o0z, w)
< dX,l(xaw)v dX,Q(':E7w)
for every x,w € X. This means that p; is Lipschitz with constant 1 with respect

to dx,0o on X, and thus with respect to dx,; and dx > on X. In particular, p;
is uniformly continuous on X with respect to dx 1, dx 2, and dx .
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If x € X and r > 0, then
n
(105.3) pr(Bxax (w.1) = o0 T] Bryax, (2557)) = Bxax, (21,7,
j=1
using (10.2.4) in the first step. It follows that
(10.5.4) p (Bx’dx’l(ac,r)) Dy (BX’dX,m(x,r/n)) = Bx, dx, (x1,7/n),

using (10.2.6) in the first step. Similarly,
(1055) Yz (BX-,dX,2 (1’, T)) 2y (BX,dx,oo (SL’, T/nl/z)) BXl dx, (xla 7ﬂ/nl/2)

using (10.2.8) in the first step. This shows that p; is an open mapping from X
onto X;, with respect to dx 1, dx 2, or dx o on X, as in Section 7.14.

Let (Y,dy) be another metric space, let E be a subset of X, and let f be
a mapping from E into Y. Let us say that f is partially Lipschitz in the [th
variable with constant C; > 0 on E if

(10.5.6) dy (f(x), f(z") < Crdx, (1, 77)

for every z,2’ € E such that z; = x; when j # [. This is analogous to the
condition discussed in Section 8.3 for functions defined on subsets of R".

Suppose that E = H?Zl E; for some E; C X;, 1 < j < n, and that f
is partially Lipschitz in the [th variable with constant C; > 0 on E for each
l=1,...,n. If z,w € E, then

(10.5.7) dy (f( Z vdx, (w1, wr),

as in Section 8.3. This implies that

(10.5.8) dy (f(z), f(w)) < ( max cl) dx.1(z, w),

1<i<n

as before. Similarly,

(10.5.9) dy (f(z), f(w)) < (Zq) ” dxa(,w)

and .

(10.5.10) dy (f(2), f(w)) < (Zol) dix.o0 (@, 0).
=1

This shows that f is Lipschitz on E with respect to the restrictions of dx i,
dx 2, and dx o to E under these conditions.

Now let f be any mapping from X into Y. If f is continuous at a point
x € X with respect to any of the metrics dx 1, dx 2, or dx, on X, then it is
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easy to see that f is continuous at x with respect to the other two metrics. This
is often called joint continuity of f at x.

It is often convenient to consider f as a function of n variables in X7, ..., X,,.
If 1 <1 < n, then we may consider f as a function of the Ith variable on X; with
values in Y, with the jth variable equal to x; when j # [. If f is continuous
as a function of the [th variable on X; at z; in this way for each [ = 1,...,n,
then f is said to be separately continuous at x. Note that joint continuity at x
implies separate continuity.

10.6 Uniform continuity

Let (X,dx) and (Y, dy) be metric spaces, let f be a mapping from X into Y,
and let A be a subset of X. Let us say that f is uniformly continuous along A
if for every € > 0 there is a § > 0 such that for every x € A and w € X with
dx(z,w) < 6§, we have that

(10.6.1) dy (f(z), f(w)) < e.

This implies that the restriction of f to A is uniformly continuous, with respect
to the restriction of dx to A. This also implies that f is continuous at every
element of A, as a mapping from X into Y.

Suppose for the moment that A is a compact subset of X. If f is continuous
at every element of A, as a function on X, then one can show that f is uniformly
continuous along A. This uses the same type of arguments as used to show that
continuous mappings on compact metric spaces are uniformly continuous.

Let (X1,dx,), (X2,dx,) be metric spaces, and let us now take

We can define the metrics dx 1, dx 2, and dx - on X using dx, and dx, as in
Section 10.1, with n = 2. If a mapping f from X into Y is uniformly continuous
along a set A C X with respect to any of these three metrics on X, then it is
easy to see that f is uniformly continuous along A with respect to the other two
metrics.

Let ;1 € X; be given, and consider

(1063) A= {.7}1} X X2.

Let f be a mapping from X into Y again, and for each x5 € X5, let us consider
f(-,22) as a mapping from X; into Y. Let

(1064) £ = {f(,l‘g) 1 Xo € X2}

be the collection of these mappings from X; into Y.

If f is uniformly continuous along A with respect to any of the metrics dx 1,
dxz2, or dx 3 on X, then one can check that £ is equicontinuous at z;, as a
collection of mappings from X; into Y. As before, uniform continuity along A
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implies that the restriction of f to A is uniformly continuous, which in this case
means that f(z1,-) is uniformly continuous as a mapping from X5 into Y.
Conversely, suppose that f(z1,-) is uniformly continuous as a mapping from
X5 into Y, and that £ is equicontinuous at z; as a collection of mappings from
X into Y. Under these conditions, one can verify that f is uniformly continuous
along A with respect to dx 1, dx 2, and dx o on X.
Observe that
(10.6.5) To (1‘1,1}2)

defines an isometry from X, into X, with respect to dx 1, dx 2, and dx, on
X. In particular, if X5 is compact, then it follows that A is compact in X, with
respect to dx 1, dx,2, and dx . In this case, if f is continuous at every point
in A as a mapping from X into Y, then f is uniformly continuous along A, as
before.

10.7 Continuity and integration

Let (X1,dx,) be a metric space, and let a, b be real numbers, with a < b. Let

us take
(10.7.1) Xo = [a, ],

and dx, to be the restriction of the standard Euclidean metric on R to X5. As
in the previous section, we take

(1072) X = X1 X XQ = X1 X [a,b],

and dx 1, dx,2, and dx o to be the metrics defined on X as in Section 10.1,
with n = 2.

Let f be a continuous real-valued function on X, with respect to any of dx 1,
dx 2, or dx o, and thus with respect to each of these metrics. If x; € Xy, then
f(z1,-) is a continuous real-valued function on X, and we put

b
(1073) F(I]Cl) :/ f(l’hl’g)dl’g.

This defines a real-valued function on X;. Note that

b
(10.74)  |F(x1)| S/ |[f(x1,29)|dxe < (b—a) sup |f(x1,22)]

a a<lzo<b
More precisely, the supremum on the right is finite, because [a,b] is compact
as a subset of the real line, and thus as a subset of itself, with respect to the
standard Euclidean metric on R and its restriction to [a, b].

If 1 € X4, then

(10.7.5) {z1} x [a,b] = {z1} x X3
is compact in X, with respect to dx i, dx 2, and dx , as in the previous
section. This implies that f is uniformly continuous along (10.7.5), as before.
This means that

(10.7.6) E={f(,x2):a<zy <b}
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is equicontinuous at x; as a collection of real-valued functions on X7, as in the
previous section.

One can use this to check that F'is continuous at z1, as a real-valued function
on Xi. Indeed, if wy; € X1, then

b

(10.7.7) |F(x1) — F(w1)) (f(xh T2) — f(wi,z2)) d>

IN

/ \f I175€2 (w17932)|d172

< (b—a) sup |f(x1,22) — f(wi,z2)l,
a<lzo<b

as before. The right side can be made arbitrarily small by taking w, sufficiently
close to x1 in X7, because of the equicontinuity of £ at ;.

Alternatively, let {z1 ; };";1 be a sequence of elements of X; that converges to
x1. It is easy to see that f(x1;,-) converges to f(z1,-) uniformly as a sequence
of real-valued functions on [a, b], because of the equicontinuity of £ at ;. This
implies that
(10.7.8) lim F(zy,,) = F(z1).

J-}OO
It follows that F' is continuous at x7.

If £ is uniformly equicontinuous on Xj, then it is easy to see that F' is
uniformly continuous on X;, using (10.7.7). In particular, this holds when X;
is compact, because £ is equicontinuous at every point in X7, as in Section 5.2.

If X, is compact, then X is compact with respect to any of the metrics
dx,1, dx 2, and dx o, as in Section 10.4, because X3 is compact. In this case,
f is uniformly continuous with respect to any of these three metrics on X. Of
course, uniform continuity of f on X with respect to any of these three metrics
implies that £ is uniformly equicontinuous on Xj.

10.8 Iterated integrals

Let n be a positive integer, and let aq,...,a, and by,...,b, be real numbers,
with
(10.8.1) a; < bj
for each j =1,...,n. Let us consider
(10.8.2) Xj = [aj,bj]
as a metric space for each j = 1,...,n, with dx, equal to the restriction of the
standard Euclidean metric on R to Xj.

Put

l

(10.8.3) x=11x
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for each | = 1,...,n. We can define metrics dx: 1, dx: 2, and dx: o, on X! as
in Section 10.1. We shall refer to functions on X' as being continuous if they
are continuous with respect to any of these three metrics, and thus with respect
to the other two metrics.

Of course, X! is a subset of R! for each I = 1,...,n. Note that dxi 1, dxi g,
and dx: ., are the same as the restrictions to X' of the metrics on R associated
to the norms || - ||1, || - |2, and || - ||, respectively, as in Section 1.3.

Let f be a continuous real-valued function on X", and put f, = f. Suppose
that f; has been defined as a continuous real-valued function on X' for some
l=1,...,n. lfl>2and z; € X; for j =1,...,1 -1, then put

b
(10.8.4) fi—i(xy, oo x—g) = filxy, .o x—, @) day.

ap

This defines f;_; as a continuous real-valued function on X*~!, as in the previous
section. More precisely, this uses the obvious identification of X! with X!~ 1 x X;.
Continuing in this way, we define f; on X! for each [ = 1,...,n. Similarly,

put
b1

(1085) fo = f1 (331) dl‘l,

a1
which is the analogue of (10.8.4) with [ = 1, and which is simply a real number.
This can be used to define the n-fold iterated integral of f over X™, as on p246
of [155].

Alternatively, one can define the integral of f over X™ as an n-dimensional
Riemann integral. Any reasonable approach to this will give the same answer,
because f is uniformly continuous on X", since X" is compact.

Of course, one could also define n-fold iterated integrals of f over X™ by
integrating the variables in a different order, and one would like to verify that
this leads to the same result. One way to do this is to show that the iterated
integrals are all the same as the corresponding n-dimensional Riemann integral.
Another approach is given in Theorem 10.2 on p246 of [155].

10.9 Partitions of intervals

Let a, b be real numbers, with a < b. Suppose that P = {¢; }?:0 is a partition
of [a,b], which is to say a finite sequence of real numbers such that

(1091) a=1tg <ty < - <tp_1<tp=h.

A real-valued function on [a, ] is said to be piecewise linear with breakpoints
in P if the function is linear on [t;_1,t;] for each j = 1,...,k. It is easy to
see that such a function is continuous, with respect to the standard Euclidean
metric on R, and its restriction to [a,b]. Note that such a function is uniquely
determined by its values at the points in P. The values of such a function at
the points in P can be arbitrary real numbers. This is because linear functions
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on R are uniquely determined by their values at any two distinct points, and
those values can be arbitrary real numbers.

If f is any real-valued function on [a,b], then we let Ap(f) be the unique
piecewise-linear function on [a,b] with breakpoints in P that is equal to f at
the points in P. If z € [a,b] and t;_1 < x < t; for some j =1,...,k, then

(092 Us)E) = S) = o) )
+F () (= t-1) " (@ = tj-1).
In this case,

)~ (Ar (@) = ()= f2) 6~ b))
(10.9.3) +(f(z) = f(t)) (85 — tj—1) 7" (@ = t;-0).
This implies that

7@) = Ap (D@ < 1) = £ttt (6 — )
(10.9.4) Hf (@) = FE)] (8 —tj-1) 7 (& = tj-1).

It follows that

(10.9.5) | f(z) = (Ap(f)(2)] < max(|f(x) = f(t;-1)],|f(x) = f(;)]),

because

(10.9.6) (tj —tj—) " (=) + (= tj-1) " (2 —tj1)
= (t—t-1) 7 (& —tim) = 1,
where both terms on the first line are greater than or equal to 0.
Observe that

k

(109.7) / (A de = Y / " (A1) () do

= Y (1/2) (ftj-1) + f(t)) (t; = tj-1).

Suppose that f is continuous on [a,b], with respect to the standard Euclidean
metric on R and its restriction to [a,b]. Under these conditions, we have that

x)dx—/ (Ap(f))(x) dx (f( ) = (Ap(f))(z)) dx

(10.9.8)

IA

/ fla (1)(@)) de
< (b-a) sup |f() - (Ap())()]

a<z<b
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Note that f is uniformly continuous on [a, b], because [a, b] is compact. Using
this and (10.9.5), we get that f is uniformly approximated by Ap(f) on [a, b
when the partition P of [a, b] is sufficiently fine. More precisely, this means that

(10.9.9) sup [f(z) — (Ap(f))(@)|

a<lz<b
is as small as we want when

(10910) 1r%1jagxk(tj — tjfl)

is sufficiently small. It follows that the left side of (10.9.8) is as small as we
want when (10.9.10) is sufficiently small. Similarly, one can check that the left
side of (10.9.8) is arbitrarily small for suitable partitions P of [a,b] when f is
Riemann integrable on [a, b].

10.10 Partitions and products

Let (X7,dx,) be a metric space, and let ag, s be real numbers, with as < bs.
Let us take
(10.10.1) X2 = [ag,bg},

and dx, to be the restriction of the standard Euclidean metric on R to X5. We

also take
(10102) X = X1 X X2 = X1 X [ag,bgL

and dx 1, dx,2, and dx o to be the metrics defined on X as in Section 10.1,
with n = 2. We shall refer to functions on X as being continuous if they are
continuous with respect to any of these three metrics, and thus with respect to
the other two metrics, as before.

Let Py = {ta,;}5_, be a partition of [a, b], so that

(10.10.3) az =lg < -+ <typ = ba.

Let f be a continuous real-valued function on X, and let us define As p,(f)
as a real-valued function on X in essentially the same way as in the previous
section, as a function of the second variable. Thus, if 1 € X3, z2 € [ag, ba],

and tp ;1 < 29 <tg; for some j =1,...,k, then we put
(Az,p, () (w1,22) = flrr,ta 1) (fayy —taj1) " (t2y — 22)
(10104) +f(1'17t2’j) (tg’j — t27j,1)_1 ({,CQ — tz,jfl).

Under these conditions, we get that

|f(@1,22) — (A2,p, (f)) (71, 22)|
(10.10.5) < max(|f(z1,22) — f(z1,t25-1)], [f(z1,22) — f(z1,t2,5)]),

as in (10.9.5).
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As in Section 10.7,
b2
(10.10.6) f(x1,22) dy

az

defines a continuous real-valued function of 1 € X;. The analogous statement
for Ay p,(f) can be seen more directly. Namely,

ba
(10.10.7) /(Ag,pQ(f))(xhxg)dxg

az

(1/2) (f(21,t2,5-1) + f(@1,t2,5)) (t2,5 — t2,5-1)

k
Jj=
for every z7 € X1, as in (10.9.7). We also have that

bz b2

f(ﬂUl,xz)dCUz—/ (A2,p,(f)) (@1, 22) dz2

az

b2
/ (@1, 22) — (Anpy (F)) (1, 22)] dey

a2

< (b2—a2) sup |f(w1,22) — (A2,p,(f))(21,22)]

az<z2<by

(10.10.8)

az

IN

for every z; € Xy, as in (10.9.8).
Suppose that

(10.10.9) & = {fla1,") 121 € X1}

is uniformly equicontinuous as a collection of real-valued functions on [ag, bs].
This implies that

(10.10.10) sup | f(z1,x2) — (A2,p, (f)) (21, 22)]

az<xa<ba
is as small as we want, uniformly over x; € X3, when

(10.10.11) max (f2,j —t2j-1)

is sufficiently small, because of (10.10.5). It follows that (10.10.6) can be uni-
formly approximated by (10.10.7), as real-valued functions of z; € X7, when
(10.10.11) is sufficiently small, by (10.10.8).

If X7 is compact, then & is equicontinuous at every point in [as, b2], as in
Section 10.6. This implies that &; is uniformly equicontinuous on [asg, bs], as in
Section 5.2, because [ag, bo] is compact. Alternatively, if X; is compact, then X
is compact with respect to any of the metrics dx 1, dx 2, and dx o, as in Section
10.4, because [az, bo] is compact. This means that f is uniformly continuous on
X, with respect to any of these three metrics. It is easy to see that this implies
that & is uniformly equicontinuous on [az, ba].
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10.11 Partitions and integrals

Let aq, by be real numbers, with a; < b;. We would like to continue with the
same notation and hypotheses as in the previous section, with

(10.11.1) X1 = [a1,b1],

and with dx, equal to the restriction of the standard Euclidean metric on R to
X1. Thus
(10112) X = X1 X XQ = [Ql,bl] X [ag,bg},

and dx,1, dx,2, and dx o are the same as the restrictions to X of the metrics
on R? associated to the norms || - |1, ||+ |2, and || - || s, respectively, as in Section
1.3. Note that f is uniformly continuous on X, because X is compact.

We can integrate f(x1,x2) in z1 to get a continuous real-valued function

b1
(10.11.3) f(Il,JJQ) de‘l

ay

of x5 on [ag,bs], as in Section 10.7. The analogous statement for As p,(f) can
be seen more directly, as before. Indeed, if 2 € [ag,bo] and to ;1 < 29 < to;
for some j =1,...,k, then

by
(10114) / (A27p2(f))(x171'2)d$1

ay
b1

= (ta; —taj-1)"" (2 — 72) f(z1,t2,j-1) dy
ay
by

H(ta; —taj1) " (w2 —t2 ;1) f(@1,t2,5) dzy,
ai
by (10.10.4). Of course, this is equal to (10.11.3) when zo = t2 ;_1 or to ;.
Observe that

b1 b1
(10115) / f(Il,SCQ) dll?l - / (A277)2(f))(1‘1,1‘2) dl‘l

1 ay

by
/ (a1, 22) — (Aarpy (1)) (1, 22) dy

al

IN

by
/ [ (@n,22) — (Agpy (F)) (a1, 22) day

ai

< (b1—a1) sup |f(z1,72) — (A2.p,(f))(21, 22)]

a1<z1<by

for every g € [ag, bs]. We also have that

(10.11.6) sup | f(z1,22) = (A2,p, (f)) (21, 72)]

a1<z1<by
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is as small as we want, uniformly over 2 € [az, b2], when (10.10.11) is sufficiently
small. Equivalently, this means that

(10.11.7) sup sup | f (21, 32) — (A2,p, (f)) (21, 22)|
a1<z1<b1 az<z2<bs
is as small as we want when (10.10.11) is sufficiently small. This is the same as
the analogous statement for (10.10.10), which follows from the uniform continu-
ity of f on X, as before. Combining this with (10.11.5), we get that (10.11.3) can
be uniformly approximated by (10.11.4), as real-valued functions of x5 € [az, ba],
when (10.10.11) is sufficiently small.
One can check directly that

(10.11.8) /:1 (/b (Agp, () (@1, 22) d:@) da

1 2

_ /:2 (/abl(Az,pz(f))(xl,xz)dxl) drs.

2 1

More precisely, one can verify that

(10.11.9) / " ( / - (Asp, () (@1, 22) dxg) da

a ta,j—1
t2d bl

= / (/ (A2,7>2(f))($17$2)d$1)d$2
ta,j—1 ai

for each j =1,...,k, using the definition (10.10.4) of Ay p,(f). It is easy to see
that (10.11.8) follows from (10.11.9), by summing over j.
We can use (10.11.8) to get that

(10.11.10) /bl ( f(w1,m2)dﬂf2> dry = /b2<

ai az az ai

b2 bl

f(xl, 1‘2) d.761) dl’z,

as follows. The left side of (10.11.10) can be approximated by the left side of
(10.11.8) when (10.10.11) is sufficiently small, because (10.10.6) is uniformly
approximated by (10.10.7), as before. Similarly, the right side of (10.11.10)
can be approximated by the right side of (10.11.8) when (10.10.11) is suffi-
ciently small, because (10.11.3) is uniformly approximated by (10.11.4). This
implies (10.11.10), because we can take Pz to be a partition of [ag, be] for which
(10.10.11) is arbitarily small.

10.12 A simpler approximation

Let us continue with the same notation and hypotheses as in the previous two
sections. Put

(10.12.1)  az2p,(j) = sup sup |f(z1,22) — f(z1,t2,5)]
a1<x1<by ta j—1<xa<ta;
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foreach j =1,...,k, and

(10.12.2) ag,p, = rgaé(k as,p,(J).

It is easy to see that as p, is as small as we want when (10.10.11) is sufficiently
small, because f is uniformly continuous on X.
Observe that
by

b1 ta,;
(10123) / (/ f(l‘l, .Z‘Q) dl‘g) dxl (t27j - t27j_1) f(Il, t27j) dl‘l

to,j—1 aj

by
/ / I17I2 f(xl,tzj)) dl‘g) d,Il
to, i1

for each j = 1,..., k. This implies that

by taj by
(10.12.4) / (/ f(.’L‘l, 3?2) dafg) dl’l (tQ 7 tg,J 1) f(wl, t27j> d:]jl
ai to,j—1
blj
< / / f(xy,22) — f(z1,t25)] dfCQ) dz;
ta,j—1
< (b —an) (ta,; —taj-1) az,p, (4)-
Similarly,
ta j by by
(10.12.5) / ( f(.%‘l, 3?2) da:l) dl’g - (t27j - tQ,jfl) f(l‘l, t27j> dxl
taj—1 ay a1
ta by
< / (/ |f(331a372)_f($1;t27j>|dml) dxo
ta,j—1 ai

< (bl — Cll) (tz,j - t2,j—1) az,p, (.])

foreach j=1,...,k.
Using (10.12.3) and (10.12.5), we get that

/bl (/ttw f(m,:m)dmz) dry — /ttlj ( " f(z1,22) dwl) dzo

ay 2,j—1 2,j—1 ay

< 2(b —a1) (2, — t2,j-1) az,p,(j)-

(10.12.6)

It follows that

b1 bg b2 bl
(10.12.7) / ( f(l’l,xg) dJJQ) dl‘l — / ( f(xl,.’L‘g) dl‘l) dl‘g
k
< > 20— ar) (o —ta 1) azp, (4)
j=1

k
2(b1 —a1) E (t2,j —t2,j—1) a2,p,
Jj=1

= 2(by —a1) (ba — az) azp,.

IA
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The right side of (10.12.7) is as small as we want when (10.10.11) is suffi-
ciently small, as before. This is another way to obtain (10.11.10), by taking Ps
to be a partition of [ag, bs] for which (10.10.11) is arbitrarily small again.

10.13 Another approximation

Let us continue with the same notation and hypotheses as in the previous three
sections. Also let Py = {t1,;}]" be a partition of [a, b1], so that

(10131) ap = t170 << th = b;.
Of course,
b1 b
(10.13.2) / (/ Fla1,22) d:Eg) dzy
k t1,
ZZ/ / .Il,l’g dﬂjg) dl’l.
=1 j=1 t1,1-1 ta,j—1
Similarly,
b1
(10.13.3) / (a1, 22 dx1> ds
m ta,j t1
ZZ/ / fx1,22) dxl) dxs.
=135 t2,j—1 ti1,1-1

If1<l<mand1l<j<k, then we can approximate

(10.13.4) /ttu (/:21]» flx1,x2) dacg)dxl

1,0—1 2,j—1

and
ta,j t1,1

(10.13.5) / (/ Fla1,22) dxl) ds
ta,j—1 t1,0-1

by

(10.13.6) (trg —tig—1) (ta,; —toj—1) f(t1a,t2,5)-

If t1, — t14—1 and to j — t2 ;1 are sufficiently small, then the errors in these
approximations will be small compared to

(10.13.7) (t1g —tig—1) (B2 — t2,5-1),

because of the uniform continuity of f on X. This means that the difference of
(10.13.4) and (10.13.5) is small compared to (10.13.7) in this case.
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Note that
m k
(10.13.8) ZZ trg = t1-1) (t2; — t2,5-1)
=1 j=1

= (i(tu—tu 1>(zk:t2ﬂ t2,5- 1)
=1 J=1
= (b1 —a1) (by — as).

It follows that the difference of (10.13.2) and (10.13.3) is as small as we like when
P and Ps are sufficiently fine partitions of [a1, b1] and [asg, bo], respectively. This
implies that the iterated integrals are equal, as in (10.11.10), because they do
not depend on P; or P,. Basically, we are approximating the iterated integrals
on the left sides of (10.13.2) and (10.13.3) by two-dimensional Riemann sums,
and these two-dimensional Riemann sums are equal to each other.

10.14 Partitions of unity

Let (X, dx) be a metric space. As in Section 3.7, the support supp f of a real
or complex-valued function f on X is defined to be the closure in X of the set
of z € X such that f(z) #0.

It is often helpful to be able to find finite collections of continuous real-valued
functions 1, ...,%, on X with properties like the following. First,

(10.14.1) 0<e(z)<1

for every j =1,...,r. Second,

(10.14.2) Zz/}j(a:) =

for all z in a particular subset of X, which may be X itself. If (10.14.2) holds
on a proper subset of X, then one may ask that

(10.14.3) Z Pi(z) <1

for every z € X. Of course, the first inequality in (10.14.1) together with
(10.14.3) implies the second inequality in (10.14.1).

In addition, one may want to have restrictions on the supports of the ;s
One may ask that the supports of the v;’s be contained in open sets in a
particular family, for instance. A collection of functions like this is called a
partition of unity on the set where (10.14.2) holds.

Let a, b be real numbers with a < b, and let P = {tj};?zo be a partition of
[a,b]. If 0 < < r, then there is a unique nonnegative real-valued function 7; on
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[a, b] that is piecewise linear with breakpoints in P such that

(10.14.4) 7i(t;) = 1 whenj=1
= 0 whenj#L

It is easy to see that

k
(10.14.5) > n) =1

=0

187

for every x € [a,b], because the left side is a piecewise-linear function on [a, b]
with breakpoints in P that is equal to 1 at ¢; for each j = 0,..., k. The support

of 77, as a real-valued function on [a, ], is given by

(10.14.6) suppr; = [to,t1] when [ =0
= [tl—l,tl—i-l] when 1 S l § k—1
= [tk—latk] When l = k

Let (X,dx) be any metric space again, and let ¢1,..., ¢, be nonnegative
continuous real-valued functions on X. There are a couple of common ways to
get a partition of unity 1, ...,, from ¢1,..., @,, under suitable conditions.

In the first approach, we put
(10.14.7) O(x) = ¢;(x)
j=1

for each x € X, and suppose that

(10.14.8) O(x) >0 for every x € X.

In this case,

(10.14.9) Vj(x) = ¢5(x)/(x)

defines a continuous real-valued function on X for each j = 1,

(10.14.2) holds for every z € X, by construction. We also have that

(10.14.10) SuUpp ¢j = supp ¢;

forevery j=1,...,r.
In the second approach, we suppose that

(10.14.11) 0<¢j(z) <1

for every j =1,...,r and z € X. Put y1 = ¢1, and

-1

(10.14.12) Y = (H(l - ¢j)) P

j=1

...,7, and
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forli =2,...,7,ason p251 of [155]. Clearly (10.14.1) holds for every j = 1,...,r,
and one can check that

l l
(10.14.13) Yoy =1-T[(1-¢)
j=1 j=1

for every I = 1,...,r, by induction. This implies that (10.14.3) holds for every
x € X, and that (10.14.2) holds for every x € X such that

(10.14.14) ¢j(x) =1 for some j =1,...,7
Note that

(10.14.15) supp ¥; C supp ¢;
forevery j=1,...,7.

10.15 Another approximation argument

Let (X1,dx,), (X2,dx,) be metric spaces, and put X = X; x X5. Also let
dx,1, dx,2 and dx  be the corresponding metrics defined on X as in Section
10.1. As before, we shall refer to functions on X as being continuous if they are
continuous with respect to any of these three metrics, and thus with respect to
the other two metrics.

Let 121, ...,%2,, be finitely many continuous nonnegative real-valued func-
tions on X5 that form a partition of unity on Xs, so that

.
(10.15.1) D o j(za) =1

=1
for every zo € Xs. If f is a real-valued function on X, then

(10.15.2) fla1,22) Zf ©1,2) o 5 (2)

7j=1

for every x1 € X7 and x5 € Xo.
Suppose that for each j =1,...,7, x2; € X5 and

(10.15.3) 1#27]'(31‘2,]‘) > 0.
Put
(10.15.4) (A2(f)) (1, 22) Zf w1, x2,5) P2 j(x2)

for every x1 € X7 and xo € X5. Thus

(10.15.5) f($1,$2) - (Ag( 1‘1, x2) Z (w1, 72) (-Tlax2,j)) '(/J2,j($2)
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for every z1 € X7 and x5 € Xo, by (10.15.2). It follows that

(10.15.6) |f(x1,22) — (A2(f))(x1,22)| < Z |f(x1,22) — f(x1,22,5)| 2,j(22)

j=1

for every x1 € X7 and x5 € Xo.
Put

(10.15.7) ag,j(z1) = sup{|f (w1, 22) — f(w1,22,)] : 22 € X2, 92 j(22) > 0}

for each 7 = 1,...,r. The right side is allowed to be 400 here, although we
shall typically be concerned with situations where it is finite. Observe that

(10.15.8) |f(x1,22) — fx1,@2,5)| V2,5 (22) < agj(x1) Y2, (x2)

for every 1 € X; and zo € X5, where the right side may be interpreted as
being equal to 0 when )5 ;(22) = 0, even if (10.15.7) is +00. This implies that

(10.15.9) (21, 22) = (Ao(f)) (@1, 22)] <Y ag(w1) 25 (w2)

j=1
for every z1 € X; and 25 € X5, by (10.15.6).
Put
(10.15.10) as(x1) = max az;(x1)

for each z7 € X;. Using (10.15.9), we get that

(10.15.11) | f(21,22) — (A2(f)) (w1, 22)| < ag(w1)

for every z, € X1, because of (10.15.1).
We may frequently be interested in situations where X5 is compact, or at
least totally bounded, and

(10.15.12) {22 € X2 192 j(22) > 0}

is a small subset of X5 for each j = 1,...,r. This may mean that (10.15.12) is
contained in a ball in X5 centered at x5 ; with small radius, or that (10.15.12)
has small diameter with respect to dx,, which is nearly the same thing. If
(10.15.12) is sufficiently small in this way, then we may be able to show that
(10.15.7) is small, using suitable continuity properties of f.

Suppose that & = {f(z1,:) : ©1 € X1} is uniformly equicontinuous as a
collection of real-valued functions on X5. In this case, (10.15.10) is as small
as we like when (10.15.12) is contained in a ball centered at x5 ; of sufficiently
small radius for each j = 1,...,r, or the diameter of (10.15.12) is sufficiently
small for each j = 1,...,r, which is almost the same thing, as before.

If X; is compact, then & is equicontinuous at every xo € X, as in Section
10.6. If X5 is compact, then the equicontinuity of £ at every point in X5 implies
that & is uniformly equicontinuous on Xy, as in Section 5.2. If f is uniformly
continuous on X with respect to dx 1, dx 2, or dx 3, then it is easy to see that
&y is uniformly equicontinuous on Xs. If X; and X, are compact, then X is
compact with respect to dx 1, dx,2, and dx 3, as in Section 10.4. In this case,
continuity of f on X implies uniform continuity, as usual.
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10.16 Some continuous functions
If ¢ is any real number, then one can check that
(10.16.1) max(t,c¢) and min(t,c)

are Lipschitz functions of ¢ € R, with constant 1. Of course, this uses the
standard Fuclidean metric on the real line.

Let (X,dx) be a metric space, and let A be a nonempty subset of X. If
x € X, then the distance from x to A with respect to dx is defined by

(10.16.2) dist(z, A) = inf{d(z,a) : a € A}.
One can check that
(10.16.3) dist(xz, A) =0

if and only if = is an element of the closure A of A in X. One can also verify
that B
(10.16.4) dist(z, A) = dist(x, A)

for every z € X.
It is easy to see that

(10.16.5) dist(z, A) < d(z,w) + dist(w, A)

for every x,w € X. Using this, one can check that dist(z, A) is Lipschitz with
constant 1, as a real-valued function on X.
Let A, B be nonempty disjoint closed subsets of X. Observe that

(10.16.6) dist(z, A) + dist(z, B) > 0
for every x € X. It follows that

dist(z, A)

10.16.
(10.16.7) dist(x, A) + dist(z, B)

defines a continuous real-valued function on X. This function is equal to 0
exactly on A, and it is equal to 1 exactly on B. It also takes values in [0,1] on
X, by construction.

Let » > 0 be given, and note that

(10.16.8) min(dist(z, A),r)

is Lipschitz with constant 1, as a real-valued function of x € X. This implies
that
(10.16.9) (1/r) min(dist(x, A),r)

is Lipschitz with constant 1/r on X.
Suppose for the moment that

(10.16.10) d(a,b) > r
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for every a € A and b € B. Equivalently, this means that
(10.16.11) dist(b, A) > r

for every b € B. This implies that (10.16.8) is equal to » when = € B, so that
(10.16.9) is equal to 1.

Conversely, suppose that there is a uniformly continuous real-valued function
f on X such that

(10.16.12) f(a) =0 for every a € A, and f(b) =1 for every b € B.

Under these conditions, it is easy to see that there is an r > 0 such that
(10.16.10) holds for every a € A and b € B.
Let ap € X and rg > 0 be given, and note that

(10.16.13) d(z, ao)

is Lipschitz with constant 1 as a real-valued function of € X. This is the same
as (10.16.2), with A = {ag}. It follows that

(10.16.14) ro — d(z,ap)
is Lipschitz with constant 1 on X, so that
(10.16.15) max(ro — d(z, ag),0)

is Lipschitz with constant 1 on X as well. Of course, (10.16.15) is equal to 0
when
(10.16.16) d(x,ag9) > ro,

and otherwise (10.16.15) is strictly positive.
Let 71 be a nonnegative real number with

(10.16.17) 1 < 1o,

and consider
(10.16.18) min(max(rg — d(x, ag),0), 79 — 71).

This is another real-valued Lipschitz function on X with constant 1, so that
(10.16.19) (1/(ro — r1)) min(max(ro — d(z, ag),0),79 — 1)

is Lipschitz with constant 1/(rp — r1) on X. This function is equal to 0 when
(10.16.16) holds, and it is equal to 1 when

(10.16.20) d(z,a0) <71.
If
(10.16.21) r1 < d(z,a0) < 7o,

then (10.16.19) is in (0, 1).
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10.17 Products and reciprocals

Let (X,dx) be a metric space, and let f, g be real-valued functions on X. If
f and g are uniformly continuous on X, then it is easy to see that f 4 ¢ is
uniformly continuous on X too. If f and g are Lipschitz functions on X, then
f + g is a Lipschitz function on X as well, as in Section 7.7.

Suppose for the moment that f and g are bounded on X. If f and g are
also uniformly continuous on X, then one can check that their product f g is
uniformly continuous on X. Similarly, if f and g are Lipschitz functions on X,
then one can verify that f ¢ is Lipschitz on X.

If ¢1, to are nonzero real numbers, then

(10.17.1) 1/t — 1/ts = (ta — t1)/(t1 t).

This implies that
(10.17.2) [1/t1 = 1/ta| = [t1 — ta| /(|ta] [t2]).

If r is a positive real number, and [t1], [t2] > 7, then we get that
(10.17.3) |1/ty — 1/ta] <772 |ty — tal.

This means that t — 1/t is Lipschitz with constant 2 as a real-valued function
on

(10.17.4) {teR:|t| >r}.
Of course, this uses the standard Euclidean metric on R, and its restriction to
(10.17.4).
Suppose now that
(10.17.5) @) =

for every x € X. If f is uniformly continuous on X, then it is easy to see that
(10.17.6) 1/f is uniformly continuous on X.

Similarly, if f is Lipschitz on X, then

(10.17.7) 1/f is Lipschitz on X.

These statements can be verified directly, or by considering 1/f as the com-
position of f with ¢ — 1/t on (10.17.4). There are analogous statements for
complex numbers, and complex-valued functions on X.

10.18 Graphs of mappings

Let X7, X5 be nonempty sets, and let X = X; x X5 be their Cartesian product.
If f is a mapping from X; into X5, then the graph of f is the subset of X given
by

(10.18.1) {(z1, f(z1)) : 21 € X1},
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as usual. Put
(10.18.2) F(x1) = (21, f(21))

for every x7 € X, which defines F' as a mapping from X; into X. Note that
(10.18.1) is the same as the image of X; under F.

Let p1, p2 be the usual coordinate projections from X onto X7, X5, respec-
tively, as in Section 10.5. Thus p,(x) = z; for each z = (x1,22) € X and
7 =1,2. Clearly
(10.18.3) f=pyoF

on X1, and p; o F' is the identity mapping on Xj.

Suppose now that (X;,dx,) and (X2, dx,) are metric spaces, so that we can
define the metrics dx 1, dx,2, and dx o on X as in Section 10.1. Remember
that these metrics determine the same collections of open sets, closed sets, and
compact sets in X, and that convergence of sequences in X with respect to these
metrics are equivalent, as before.

If
(10.18.4) f is continuous as a mapping from X; into X5,

then one can check that
(10.18.5) F is continuous as a mapping from X; into X,

with respect to each of dx 1, dx 2, and dx - on X. Conversely, if (10.18.5) holds,
with respect to any of the metrics dx 1, dx 2, or dx o on X, then (10.18.4) holds.
This can be seen using (10.18.3), and the fact that ps is a continuous mapping
from X onto X, with respect to each of dx 1, dx 2, and dx  on X, as in Section
10.5.

One can check that a subset E of a metric space M is a closed set if and only
if for every sequence {w;}32, of elements of E' that converges to an element w
of M, we have that
(10.18.6) weE.

More precisely, if {wj}‘j?il is a sequence of elements of any set £ C M that
converges to an element w of M, and if w; # w for each j, then w is a limit
point of E. If w € M is a limit point of E, then one can find a sequence {w; };";1
of elements of E that converges to w, with w; # w for each j.

It is well known that if (10.18.4) holds, then

(10.18.7) the graph of f is a closed set in X

with respect to each of the metrics dx 1, dx2, dx,c. As in the preceding
paragraph, (10.18.7) holds if and only if for every sequence of elements of the
graph of f that converges to an element of X, the limit of the sequence is in the
graph of f. In this case, this means that (10.18.7) holds if and only if for every
sequence {z1;}32; of elements of X; such that

(10.18.8) {15, fl@15))}52
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converges to an element (z1,z2) of X, we have that

As in Section 10.3, the convergence of (10.18.8) to (z1,z2) € X with re-
spect to any of the metrics dx 1, dx 2, dx . is equivalent to the convergence
of {z1,;}52; to 1 in X; and the convergence of {f(z1,;)}32; to z2 in Xo. If f
is continuous at x1, then the convergence of {z1 ; };";1 to 1 in X7 implies that
{f(z1,5)}32, converges to f(z1) in Xo. This implies that (10.18.9) holds when
{f(z1,5)}32, converges to 3 in Xs.

If (10.18.4) holds, and if

(10.18.10) X, is compact,
then
(10.18.11) the graph of f is a compact subset of X,

with respect to each of dx 1, dx 2, and dx .. Remember that the graph of f
is the same as F(X;), and that F is continuous as a mapping from X; into
X in this case. This implies that F'(X;) is a compact subset of X when X is
compact.

Conversely, let f be any mapping from X; into Xs, and suppose that
(10.18.11) holds, with respect to dx,1, dx 2, or dx .. It is easy to see that
(10.18.10) holds in this case, because p; maps the graph of f onto X;. This also
use the fact that p; is continuous as a mapping from X onto X3, as in Section
10.5.

It is well known that (10.18.4) holds under these conditions as well. To see
this, let 1 € X7 be given, and suppose for the sake of a contradiction that f
is not continuous at x;. This means that there is an € > 0 such that for every
6 > 0 there is a point w1 € X7 with

(10.18.12) Xm (:1?1,’11}1) <4d
and
(10.18.13) dx, (f(a1), f(w)) > e

One can use this to get a sequence {z1,;}52, of elements of X; that converges
to x1, with
(10.18.14) dx, (f(z1), f21,5)) 2 €

for every j.
If (10.18.11) holds, then the graph of f is sequentially compact in X. Using
this, we get that there is a subsequence {1 j, }72, of {71}, such that

(10.18.15) {(@15, f(21,5,)) 2y

converges to an element (y1, f(y1)) of the graph of f in X. This means that

(10.18.16) {z1,5,}i2, converges to y;1 in X7,
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and that
(10.18.17) {f(z1,,)}2, converges to f(y1) in Xo,

as in Section 10.3. Note that {x ; }72, converges to z1 in X1, because {z1 ;}32;
converges to x1, by construction. Thus

It follows that
(10.18.19) {f(x1,,)}i2; converges to f(z1) in Xs.

This contradicts (10.18.14), as desired.

10.19 Semicontinuity

Let us continue with the same notation and hypotheses as in the previous sec-
tion, except that now we take X5 = R, with the standard Euclidean metric. If
f is a real-valued function on Xj, then

(10.19.1) {(3?1,1)2) eXi1 xR: f(.’l?1> > .1'2}
and
(10.19.2) {(xl,mg) e X1 xR: f(l‘l) < xg}

are complementary subsets of X = X; x R. In particular, (10.19.1) is an open
set in X = X; x R if and only if (10.19.2) is a closed set in X, with respect to
any, and thus each, of the metrics dx 1, dx,2, and dx, .

Similarly,
(10193) {(l’l,xg) eXi; xR: f(l’l) > ZL’Q}
and
(10.19.4) {(3?1,,@2) e X1 xR: f(.%‘l) < .’)32}

are complementary subsets of X. It follows that (10.19.3) is a closed set in X if
and only if (10.19.4) is an open set, as before. Note that the graph of f is the
same as the intersection of (10.19.2) and (10.19.3).

If f is continuous on X, then one can show that (10.19.2) and (10.19.3) are
closed sets in X, using the same type of argument as in the previous section.
However, there are more precise statements, using notions of semicontinuity.

We say that f is upper semicontinuous at a point x; € X; if for every € > 0
there is a § > 0 such that
(10.19.5) flwy) < flxy) +e€

for every wy € X with dx,(x1,w;) < 6. Similarly, we say that f is lower
semicontinuous at xp if for every € > 0 there is a ¢’ > 0 such that

(10.19.6) flwr) > f(z1) —€

for every wy € X3 with dx, (z1,w1) < §'.
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Observe that f is continuous at z; if and only if f is both upper and lower
semicontinuous at x1. It is easy to see that f is upper semicontinuous at x if
and only if —f is lower semicontinuous at .

Let us say that f is upper semicontinuous on Xj if f is upper semicontinuous
at every z1 € X;. Similarly, we say that f is lower semicontinuous on X, if f
is lower semicontinuous at every x; € X;.

One can check that f is upper semicontinuous on X if and only if for every
real number b,

(10197) {l‘l S X1 : f($1) < b}

is an open subset of X;. Similarly, f is lower semicontinuous on X; if and only
if for every a € R,
(10.19.8) {371 € Xy : f(l‘l) > (1}

is an open set in X;.

One can also verify that f is upper semicontinuous on X; if and only if
(10.19.4) is an open set in X. Similarly, f is lower semicontinuous on X; if and
only if (10.19.1) is an open set in X.

Let K be a nonempty compact subset of X;. If f is upper semi-continuous
on X7, then it is not too difficult to show that f attains its maximum on K.
Similarly, if f is lower semicontinuous on Xj, then f attains its minimum on
K. Of course, this is another version of the extreme value theorem.

Let {z1;}32; be a sequence of elements of X; that converges to z1 € X;. If
f is upper semi-continuous at x;, then one can check that

(10.19.9) limsup f(x;) < f(x1).

Jj—o0
Similarly, if f is lower semicontinuous at z1, then

(10.19.10) liminf f(z;) > f(z1).
j—o0

One can verify that these properties characterize upper and lower semicontinuity
of f at x1 too.

10.20 Homeomorphisms between metric spaces

Let (X,dx) and (Y,dy) be metric spaces. A one-to-one mapping f from X
onto Y is said to be a homeomorphism if f is continuous, and the correspond-
ing inverse mapping f~! from Y onto X is continuous. Of course, f~! is a
homeomorphism from Y onto X in this case.

Let (Z,dz) be another metric space. If f is a homeomorphism from X onto
Y, and ¢ is a homeomorphism from Y onto Z, then their composition go f is a
homeomorphism from X onto Z.

Let f be a one-to-one continuous mapping from X onto Y. If X is compact,
then it is well known that the inverse mapping f~! is continuous, so that

(10.20.1) f is a homeomorphism.
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One can show this using sequences, or by looking at closed sets.
To show this using sequences, let {y; 521 be a sequence of elements of YV’
that converges to a point y € Y, and let us check that

(10.20.2) {7 (y;)};2, converges to f~'(y) in X.

Put z; = f~!(y;) for each j, and x = f~!(y), for convenience. Suppose for the
sake of a contradiction that {z;}72; does not converge to z in X. This implies
that there is an € > 0 such that

(10.20.3) dx (:c,xj) > ¢
for infinitely many j > 1. Equivalently, this means that there is a subsequence
{32, of {fﬂj};";l such that

(10.20.4) dx (z,25,) > €

for every [ > 1.
If X is compact, and thus sequentially compact, then there is a subsequence
{zj, Yoo, of {x;,}i2, that converges to an element w of X. It follows that

(10.20.5) {f(=j,, )}nzy converges to f(w) in Y,
because f is continuous at w, by hypothesis. However,

(10.20.6) {f(szn)}%ozl = {yjzn bt

is a subsequence of {y;}52,, which converges to y = f(x). This implies that

(10.20.7) f(w) = f(z),

so that w = x, because f is one-to-one. This means that {z; }72, converges
to = in X, contradicting (10.20.4), as desired.

Alternatively, let E be a closed set in X. In order to check that f~! is
continuous as a mapping from Y into X, we would like to verify that

(10.20.8) (fHME)={yeY: [y eE}

is a closed set in Y. It is easy to see that

(10.20.9) (F)7NE) = F(B).

Note that

(10.20.10) E is compact in X,

because X is compact, and F is a closed set. This implies that
(10.20.11) f(E) is a compact set in Y,

because f is continuous. It follows that
(10.20.12) f(E) is a closed set in Y.

This means that ! is continuous, by a standard characterization of continuous
mappings between metric spaces.

One might notice that the first argument is very similar to one in Section
10.18. This will be discussed further in the next section.



198 CHAPTER 10. PRODUCT SPACES AND RELATED MATTERS

10.21 Graphs and homeomorphisms

Let (X1,dx,), (X2,dx,) be nonempty metric spaces, and put X = X7 x Xo. As

usual, we can define metrics dx 1, dx,2, and dx o on X as in Section 10.1. Let

f be a mapping from X; into Xo, and let F' be the mapping from X; into X

defined by putting F(z1) = (1, f(z1)) for every x; € X1, as in Section 10.18.
Let

(10.21.1) Y = F(X1)

be the graph of f in X, as before. We may consider Y as a metric space, using
the restriction of dx 1, dx 2, or dx o to Y. Note that F is a one-to-one mapping
from X; onto Y, by construction.

Let p1, po be the usual coordinate projections from X onto X7, X5, respec-
tively, as in Section 10.5. The restriction of p; to Y is the same as the inverse
mapping F~! of F on Y. It follows that

(10.21.2) F~!is continuous on Y,

with respect to the restriction of dx 1, dx 2, or dx o to Y, as in Section 10.5.

If f is continuous as a mapping from X; into X5, then F' is continuous as
a mapping from X; into X with respect to each of dx 1, dx 2, and dx o, as in
Section 10.18. In this case, we get that

(10.21.3) F' is a homeomorphism from X7 onto Y,

with respect to the restriction of any of dx 1, dx 2, and dx o to Y.

If Y is compact with respect to any of dx 1, dx,2, or dx oo, then one can get
that
(10.21.4) F is continuous,

because F~! is continuous on Y, as in the previous section. Of course, this
implies that
(10.21.5) f =p1oF is continuous on X,

because p; is continuous on X, as in Section 10.5. This is another way to look
at how the compactness of Y implies the continuity of f, as in Section 10.18.
Let m be a positive integer, and let us now take

(10.21.6) X, =R™,

equipped with the standard Euclidean metric, or the metric associated to a
norm. Let f be a mapping from X; into R™, and let ® be the mapping from
X = X; x R™ into itself defined by

(10.21.7) D(x) = (21,22 + f(21))

for every x = (z1,22) € X. It is easy to see that ® is a one-to-one mapping
from X onto itself. More precisely, the inverse mapping is given by

(10.21.8) o (z) = (z1,22 — f(21))
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for every = € X.

If f is continuous on X7, then one can check that ® and ®~! are continuous
on X, with respect to any of the metrics dx 1, dx 2, or dx o.. This means that
® is a homeomorphism from X onto itself, with respect to any of these three
metrics. It is easy to see that the continuity of f is necessary for the continuity
of ® or 1.

If 1 € X; and © = (21,0), then ®(z) = F(z1). In particular,

(10.21.9) O(X; x {0}) = F(X1).
Equivalently,
(10.21.10) F(X1) = (@ )71 (X; x {0}).

It is easy to see that Xy x {0} is a closed set in X, with respect to any of dx 1,

dx 2, or dx . If f is continuous, then &~ is continuous, and (10.21.10) gives

another way to see that F/(X7) is a closed set in X, as in Section 10.18.
Suppose now that m = 1, so that f is a real-valued function on X;. Observe

that

(102111) (I)(Xl X (0,+OO)) = {(xl,l'g) c X1 xR:zy > f(l’l)}

and
(10.21.12)  ®(X; X (—00,0)) = {(z1,22) € X1 X R: 2o < f(z1)}.

Tt is easy to see that X; x (0,400) and X x (0, —o00) are open sets in X, with
respect to any of dx 1, dx 2, or dx . If f is continuous, then one can use the
continuity of ®~! to get another way to see that (10.21.11) and (10.21.12) are
open sets in X, as in Section 10.19.



Chapter 11

Summable functions

Sums of real and complex-valued functions on arbitrary nonempty sets are con-
sidered in this chapter, extending sums of absolutely convergent series of real
and complex numbers. The reader may choose to skip this chapter, at least
initially.

11.1 Extended real numbers

As usual, the set of extended real numbers consists of the real numbers together
with two additional elements, denoted +00 and —oo. The standard ordering is
extended to the set of extended real numbers by putting

(11.1.1) —00 < < +00

for every x € R. Normally when we consider extended real numbers here, we
shall only be concerned with nonnegative extended real numbers.

In some situations, addition and multiplication of extended real numbers
can be defined in a natural way. In particular, we put

(11.1.2) x4+ 00=004+1x=00+00=400
for every z € R. Similarly, we put
(11.1.3) T-00=00 T =00-00=00

for every positive real number x. Although 0 - co is not necessarily defined, it
will normally correspond to 0 here.

The notions of upper and lower bounds, supremum, and infimum can be
defined for sets of extended real numbers, in the same way as for sets of real
numbers. In particular, if A is a nonempty set of real numbers that does not
have a finite upper bound in R, then the supremum of A can be defined as an
extended real number to be +0c0. Of course, if +00 is an element of A, then the

200
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supremum of A is equal to +0o automatically. If 400 is the only element of A,
then the infimum of A is equal to 4oc.

Let ¢t be a positive real number, and let F be a nonempty set of extended
real numbers. Put
(11.1.4) tE={tx:x € E},

which is another nonempty set of extended real numbers. One can check that
(11.1.5) sup(t E) =t (sup E).

Let {z;}32; be a sequence of real numbers. If {x;}52; converges to a real
number x with respect to the standard metric on R, then we may express this
by z; — z as j — oo. As usual, we say that {z;}52; tends to +00 as j — oo,
or x; — +00 as j — oo, if for every positive real number R there is a positive
integer L such that
(11.1.6) x; >R

for each j > L.
Let {z; }5";1 be a monotonically increasing sequence of real numbers, so that

(1117) Z; S Tj41

for every j > 1. Put
(11.1.8) x =sup{z;:j€ 2y},

which is a real number when the set of z;’s, j € Z, has a finite upper bound
in R, and otherwise is equal to +o00o. It is well known that

(11.1.9) Tj—T asj— oo

under these conditions.

Now let {z;}32; be a sequence of real numbers such that z; — +o0 as
Jj — oo. If {y; };";1 is a sequence of real numbers with a finite lower bound in
R, then it is easy to see that

11.1.10 rj+y; — +oo asj — oo.
T Y

In particular, this holds when y; — y as j — oo, where y € R or y = +o0.

11.2 Nonnegative sums

Let X be a nonempty set, and let f be a nonnegative real-valued function on
X. If A is a nonempty finite subset of X, then the sum

(11.2.1) > f(=)
z€A
can be defined as a nonnegative real number in the usual way. Put

(11.2.2) Z fz) = sup{ Z f(z) : Ais a nonempty finite subset of X},

reX z€A
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where the supremum on the right side is defined as a nonnegative extended
real number, as in the previous section. Of course, if X has only finitely many
elements, then the supremum is attained with A = X. Similarly, if f has finite
support in X, then the supremum is attained with any nonempty finite subset
A of X such that A contains the support of f.

Suppose for the moment that X is the set Z of positive integers, and let f
be a nonnegative real-valued function defined on Z . In this case, one may put

(11.2.3) S 1) = sup { S FG) ne z+},
i=1 =1

where the supremum on the right side is defined as a nonnegative extended
real number again. Of course, the sequence of partial sums Z;L:l f(j) increases
monotonically in this case. The sequence of partial sums tends to its supremum
as n — o0, as in the previous section. If the sequence of partial sums has a
finite upper bound in R, then the sequence of partial sums converges in R in
the usual sense. This means that the infinite series on the left side of (11.2.3)
converges in the usual sense, with sum equal to the right side of (11.2.3). If
the sequence of partial sums does not have a finite upper bound, so that the
right side of (11.2.3) is 400, then one may interpret the sum on the left side of
(11.2.3) as being 400 as well.
If f is any nonnegative real-valued function on Z, then

(11.2.4) D F@) =) £,

Jj=1 JE€EZy
where these sums are as defined in (11.2.2) and (11.2.3). More precisely, one
can check that

(11.2.5) S < Y r6).

j=1 JEZ4
because each of the partial sums on the right side of (11.2.3) may be considered
as one of the finite sums on the right side of (11.2.2). To get the other inequality,
one can use the fact that every finite subset A of Z is contained in {1,...,n}
for some n € Z.

It is sometimes convenient to consider a nonnegative extended real-valued
function f on a nonempty set X. If A is a nonempty finite subset of X and
f(z) = +oo for some z € A, then the corresponding sum (11.2.1) is equal to
+oo. If f(z) = +oo for some z € X, then the right side of (11.2.2) is equal
to +o0. Similarly, if X = Z, then the partial sum 7, f(j) is +oo when
f(4) = 4oo for some j < n, so that the right side of (11.2.3) is +o0o when
f(4) = 400 for some j. Thus (11.2.4) also holds in this situation.

11.3 Compositions and subsets

Let X and Y be nonempty sets, and let ¢ be a one-to-one mapping from X
onto Y. Also let f be a nonnegative extended real-valued function on Y, so
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that f(¢(x)) defines a nonnegative extended real-valued function on Y. If A is
a nonempty finite subset of X, then ¢(A) is a nonempty finite subset of Y, and

(11.3.1) S fo@)= > f).
)

z€EA yEP(A

If B is any nonempty finite subset of Y, then A = ¢~!(B) is a nonempty finite
subset of X, and B = ¢(A). It follows that

(11.3.2) > fo) = fw),

rzeX yey

because both sums are defined by taking the supremum of the corresponding
finite subsums in (11.3.1).

Let f be a nonnegative extended real-valued function on a nonempty set X.
If F is a nonempty subset of X, then the sum

(11.3.3) > f@)

rEE

can be defined as a nonnegative extended real number in the same way as before,
as the supremum of the corresponding collection of finite subsums. This is the
same as applying the definition in the previous section to the restriction of f to
E. If Ey, E5 are nonempty subsets of X and F; C FEs, then

(11.3.4) > f@) <) f).

rEF; TEF,

This uses the fact that every finite subsum of the sum on the left is also a
finite subsum of the sum on the right. If we also have that f(x) = 0 for every
x € E5\ Ej, then it follows that

(11.3.5) Y f@) =D f@).

TEE; TEFE,

This is because finite subsums of the sum on the right side can be reduced to
finite subsums of the sum on the left, except possibly for sums over nonempty
finite subsets of Fy \ Fj, which are equal to 0 in this case.

Let {x;}52, be a sequence of distinct elements of X, and let

(11.3.6) E={z;:jeZ,}.

If f is a nonnegative extended real-valued function on X again, then f(z;) may
be considered as a nonnegative extended real-valued function on Zy. Thus

(11.3.7) D fx) = flay),
j=1

JEZ+
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as in (11.2.4). We also have that

(11.3.8) > flay) =) flw),

JEZ 4 reE

as in (11.3.2). More precisely, this uses the fact that j — x; is a one-to-one
mapping from Z, onto E.

Let f, g be nonnegative extended real-valued functions on X, and suppose
that

(11.3.9) f(z) < g(x)
for every x € X. If A is a nonempty finite subset of X, then
(11.3.10) S @) <> gla).

r€A r€A

Using this, it is easy to see that

(11.3.11) Y f@) <> g).

zeX zeX

11.4 Nonnegative summable functions

Let f be a nonnegative real-valued function on a nonempty set X. If

(11.4.1) > @) < oo,

zeX

then f is said to be summable on X. Of course, if f has finite support in X,
then f is summable on X. Suppose now that f is summable on X, and let us
check that f vanishes at infinity on X, as in Section 2.5.

Let € > 0 be given, and put

(11.4.2) E(f)={xe X : f(zx) > €}

If A is a nonempty finite subset of E.(f), then

(11.4.3) e(#A) <D fl@) <Y fla),

z€A zeX

where #A denotes the number of elements of A. Thus

(11.4.4) #A< (1)e) > f(x).

zeX

It follows that E.(f) has only finitely many elements, with

(11.4.5) #E(f) < (1/e) Y ().

zeX
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Let us continue to suppose that f is summable on X, and let € > 0 be given
again. Observe that there is a nonempty finite subset A(e) of X such that

(11.4.6) Y f@)—e< D fla),

zeX zEA(e)

by the definition (11.2.2) of the sum over X. If A is a finite subset of X that
contains A(e), then

(11.4.7) SN f@) <Y f@) <Y fl@)< Y f@) e

z€A(e) €A zeX z€A(e)

Let B be a nonempty finite subset of X that is disjoint from A(e), so that

(11.4.8) Yo f@ Y f@)= Y fl@) <) f@).

z€A(e) z€B z€A(e)UB reX

This implies that

(11.4.9) Y@ <Y f@) - D f)
)

z€B zeX z€A(e

If A(e) # X, then it follows that

(11.4.10) Yo f@ <) fla) - Y fla)<e
)

zeX\A(e zeX z€A(e)

If A(e) = X, then the sum on the left side of (11.4.10) may be interpreted as
being equal to 0.

If f is summable on X and F is a nonempty subset of X, then the restriction
of f to E is summable on E. More precisely, the sum of f(x) over x € E is less
than or equal to the sum of f(x) over z € X, as in (11.3.4). Similarly, let f and
g be nonnegative real-valued functions on X such that f(z) < g(x) for every
z € X. If g is summable on X, then f is summable on X too, by (11.3.11).

11.5 Some linearity properties

Let X be a nonempty set, and let f be a nonnegative extended real-valued
function on X. Also let ¢ be a positive real number, so that ¢ f is a nonnegative
extended real-valued function on X as well. If A is a nonempty finite subset of
X, then

(11.5.1) S tfle)=t > flx)

z€A z€A

Using this, one can check that

(11.5.2) dtf@) =t > f(x).

zeX rzeX



206 CHAPTER 11. SUMMABLE FUNCTIONS

More precisely, this can be obtained from (11.1.5) and the definition (11.2.2) of
the sum over X.

Let g be another nonnegative extended real-valued function on X, so that
f+gis anonnegative extended real-valued function on X too. If A is a nonempty
finite subset of X, then

(11.5.3) Do (f@) +g@) = fl@)+ > g).
r€A T€EA z€EA

One can use this to show that

(11.5.4) Y (f@) +g(x) =) fl@)+ > g(x).
rzeX rzeX rzeX
More precisely, if A is a nonempty finite subset of X, then

(11.5.5) Y (F@+g@) <D fl@)+ D g),

z€A reX zeX

by (11.5.3). This implies that

(11.5.6) S (f@) +g(x) <Y fl@)+ > glx).

zeX zeX zeX

We would like to verify that

(11.5.7) D@+ ) gl@) < (fl@) + (@),

zeX zeX rzeX

in order to get (11.5.4). This is trivial when the right side of (11.5.7) is +oo0,
and so we may suppose that it is finite, so that f + ¢g is summable on X. It
follows that f and g are summable on X, because f,g < f+g, as in the previous
section. In particular, f(z) and g(x) are finite for every z € X. Let A and B
be nonempty finite subsets of X, and observe that

Y@+ Y e < Y f@+ Y )

z€A zEB r€AUB r€AUB
(11.5.8) = Y (f@+g@) <) (fl@) +g(x)).
x€EAUB rzeX
Thus
(11.5.9) Do fa) <Y (fl@) +g(@) - > g(x).
TEA reX reB

This implies that

(11.5.10) S F@) <> (fl@) +g@) =) gl)

zeX zeX zeB
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for every nonempty finite set B C X. Equivalently,

(11.5.11) Yo 9(@) < D (f@) +g@) = Y fla)

z€B zeX zeX

for every nonempty finite set B C X, and hence

(11.5.12) do9@) <Y (fl@) +g(x) = Y fla).

rzeX zeX reX

This shows that (11.5.7) holds under these conditions, as desired.
Let f be a nonnegative extended real-valued function on X again, and let
E4, Es be disjoint nonempty subsets of X. It is easy to see that

(11.5.13) Yoo f@) =Y fl)+ > fla),

r€E UEy reF; € b

using (11.5.4). More precisely, this can be obtained by expressing f on E; U Ey
as the sum of two functions, with supports contained in F; and Ej.

11.6 ¢! Spaces

A real or complex—valued function f on a nonempty set X is said to be summable
on X if |f] is summable as a nonnegative real-valued function on X. Let
/H(X,R) and ('(X,C) be the spaces of real and complex-valued summable
functions on X, respectively. Of course, if a real or complex-valued function
f on X has finite support, then f is summable on X, so that

(11.6.1) coo(X,R) C (X, R), copo(X,C)C(X,C).

If f is any real or complex-valued summable function on X, then |f| vanishes
at infinity on X, as in Section 11.4. This means that f vanishes at infinity on
X too, so that

(11.6.2) M(X,R) C (X, R), ((X,C)Ccy(X,C).

If f is a real or complex-valued summable function on X, then put

(11.6.3) £l =" £ ().

reX

This is a nonnegative real number, which is equal to 0 exactly when f(z) =0
for every z € X. If t € R or C, as appropriate, then |t f| = |t]|f] is summable
on X, by (11.5.2), and we have that

(11.6.4) lEflle =D [tf@)=1tl Y 1 @)=t 1/l

reX reX
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Similarly, if g is another real or complex-valued summable function on X, as
appropriate, then it is easy to see that f 4 g is summable on X as well, with

(11.6.5) [If +glli = Y (@) + (@)l < D (F @)+ lg@)) = £l + llglla-

reX zeX

Thus /}(X,R) and ¢} (X, C) are linear subspaces of the real and complex vector
spaces of all real and complex-valued functions on X, respectively, and (11.6.3)
defines a norm on each of /}(X,R) and ¢! (X, C).

One can verify that

(11.6.6) di(f,9) = f =gl

defines a metric on each of £}(X,R) and ¢! (X, C), using (11.6.4) and (11.6.5),
as usual. Remember that | f|l. denotes the supremum norm of a bounded
real or complex-valued f on X, as in (1.13.4). If f is a real or complex-valued
summable function on X, then

(11.6.7) lf@)] <1l

for every x € X. This implies that f is bounded on X, with

(11.6.8) [flloe < 11 f11-

If f, g are real or complex-valued summable functions on X, then it follows that

(11.6.9) doo(f,9) < di(f,9),

where doo(f, g) is the supremum metric, as in (1.13.8).

Let us check that coo(X,R), coo(X,C) are dense in £}(X,R), ¢1(X,C),
respectively, with respect to the ¢! metric (11.6.6). Of course, this is trivial
when X has only finitely many elements, and so we suppose that X is an infinite
set. Let f be a real or complex-valued summable function on X, and let € > 0
be given. Remember that there is a finite subset A(e) of X such that

(11.6.10) S @)l <e

zEX\A(e)

as in (11.4.10). Let f. be the real or complex-valued function, as appropriate,
defined on X by

(11.6.11) fe(xr) = f(xr) when z € A(e)
0 when z € X \ A(e).

Thus f. has finite support in X. Note that f — f. is equal to 0 on A(e), and to
f on X\ A(e). This implies that

(11.6.12) If=fli= > If@l<e

z€X\A(e)

as desired.
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11.7 Real-valued summable functions
Let f be a real-valued function on a nonempty set X, and put
(11.7.1) fr(z) = max(f(z),0) and f_(z)=max(—f(z),0)

for each x € X. These are nonnegative real-valued functions on X that satisfy

(11.7.2) fr(@) + f-(z) = [f(z)]
and
(11.7.3) f+(@) = f-(z) = f(z)

for every x € X. If f is summable on X, so that |f| is summable on X, then f,
and f_ are summable as nonnegative real-valued functions on X. In this case,
we put

(11.7.4) S f@) =) fr@) = > f(x)

reX reX zeX
Note that

(11.7.5) ‘Z f(z)

zeX

Y h@+ Y @)= Y @)

rzeX rzeX zeX

Let f1, fo be nonnegative real-valued summable functions on X such that

(11.7.6) f(@) = fi(z) = f2(x)
for every x € X. This implies that
(11.7.7) fi(@) + f-(2) = f+(2) + fa(2)

for every x € X, because of (11.7.3). Hence

(11.7.8) Zf1($)+ Zf,(m): Zer(fU)‘f‘ Zf2($)7

reX reX zeX zeX

as in (11.5.7). It follows that

(11.7.9) Zfl($>_ Zfz(x): Zf+(33)— Zf—($)7

rzeX zeX zeX zeX

because the individual sums are all finite. This means that
(11.7.10) S i@ =3 @ -3 fa),
xeX zeX rzeX

by (11.7.4).
If f is a real-valued summable function on X and ¢t € R, then ¢ f is summable
on X too, as in the previous section. One can check that

(11.7.11) dtf@)=t > f(x)

zeX rzeX
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Of course, this is trivial when ¢ = 0. If ¢ > 0, then (11.7.11) can be derived
from the analogous fact (11.5.2) for nonnegative real-valued functions on X,
and the definition (11.7.4) of the sum for real-valued summable functions on X.
If t = —1, then (11.7.11) can be obtained directly from (11.7.4).

If f, g are real-valued summable functions on X, then f + g is summable on
X as well, as in the previous section again. One can verify that

(11.7.12) (@) +g@) = fla)+ ) gla).

rzeX rzeX reX

We have already seen in Section 11.5 that this holds when f and g are non-
negative. Otherwise, f and g can be expressed as differences of nonnegative
real-valued summable functions on X, as in (11.7.3). This leads to an expres-
sion of f + g as a difference of nonnegative real-valued summable functions on
X. Each of the sums of f, g, and f+ g over X can be given as the difference of
the corresponding sums of nonnegative summable functions, as in (11.7.4) and
(11.7.10). Using this, one can reduce (11.7.12) to the analogous statement for
nonnegative functions.

11.8 Complex-valued summable functions

Let f be a complex-valued summable function on a nonempty set X, and let
Re f(x), Im f(x) be the real and imaginary parts of f(z) for each z € X, as
usual. Note that

(11.8.1) |Re f(z)|, [Tm f(z)| < |f(2)] < |Re f(z)| + |Tm f(z)]

for every x € X. This implies that f is summable as a complex-valued function
on X if and only if its real and imaginary parts are summable as real-valued
functions on X. In this case, we put

(11.8.2) > f@)=> Ref(z)+i » Imf(x),

reX reX reX

where the sums on the right side are defined as in the preceding section.
If f, g are complex-valued summable functions on X, then f+ ¢ is summable
on X too, as in Section 11.6. It is easy to see that

(11.8.3) (@) +g@) = fla)+ ) gla).

rzeX reX reX

Of course, the real and imaginary parts of f + g are the same as the sums of the
real and imaginary parts of f and g, respectively. Thus (11.8.3) follows from the
definition (11.8.2) of the sum in the complex case and the analogous statement
for the sum in the real case.

If f is a complex-valued summable function on X and t € C, then ¢ f is
summable on X as well, as in Section 11.6 again. Let us check that

(11.8.4) S tf@) =t > f(x).

zeX reX
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If t € R, then this can be obtained from the definition (11.8.2) of the sum in the
complex case and the analogous property of the sum in the real case. Similarly,
if ¢ is imaginary, then (11.8.4) can be reduced to the analogous statement in the
real case. If t € C, then (11.8.4) can be derived from the previous two cases,
using (11.8.3).

Let f be a complex-valued summable function on X again, and observe that

S f@)| <D Ref(@)|+ | Imf(z)

zeX zeX zeX

(11.8.5) < n

)

by the definition (11.8.2) of the sum. This implies that

> f)

rzeX

(11.8.6) < D IRef(@)+ Y |Im f(z)],

zeX zeX

because of (11.7.5). It follows that

> flx)

zeX

(11.8.7)

<2 ) |f(@),

rzeX

using the first step in (11.8.1). Of course, we would rather have that

Y@ <Y @)

zeX zeX

(11.8.8)

This corresponds to the ordinary triangle inequality for the standard absolute
value function on C in the case of finite sums. In this situation, one can get
(11.8.8) by approximating by finite sums. Some more details about this type of
approximation will be given in the next section.

11.9 Some properties of the sum

Let f be a real or complex-valued function on a nonempty set X, and suppose
for the moment that f has finite support in X. In this case, the sum ) . f(x)
can be defined as a real or complex number by reducing to a finite sum. If f is
a nonnegative real-valued function on X, then we have seen that the definition
of the sum in Section 11.2 reduces to the same finite sum. If f is a real or
complex-valued function on X, then we can apply this to |f(x)]|, to get that f is
summable on X. If f is a real-valued function on X, then the functions defined
on X in (11.7.1) have finite support. This implies that the definition of the sum
in Section 11.7 is the same as the finite sum, because of the analogous statement
for nonnegative real-valued functions on X with finite support. Similarly, if f
is a complex-valued function on X, then the real and imaginary parts of f have
finite support in X. It follows that the definition of the sum in the preceding
section is the same as the finite sum, because of the analogous statement for
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real-valued functions on X with finite support. In particular, (11.8.8) holds,
because of the ordinary triangle inequality for finite sums.

Now let f, g be real or complex-valued summable functions on X. Observe
that

(11.9.1)

Yo f@) =) gla)

zeX reX

S (fla) - g<x>>\ <2 3 |f(@) - g(@)].

zeX reX

This uses the linearity of the sum in the first step, and (11.8.7) in the second
step. It follows that the mapping from a real or complex-valued summable
function f on X to its sum )y f(x) is uniformly continuous as a mapping
from /}(X,R), £*(X, C) into R, C, respectively. Here we use the corresponding
¢! metric on the domain, as in (11.6.6), and the standard Euclidean metric on
the range.

One can use these properties of the sum to check that (11.8.8) holds for
all complex-valued summable functions f on X. More precisely, if f has finite
support in X, then we have already seen that (11.8.8) holds. Otherwise, if f
is any complex-valued summable function on X, then f can be approximated
by complex-valued functions on X with finite support with respect to the ¢!
metric, as in Section 11.6. To get that f satisfies (11.8.8) as well, one can use
the continuity condition (11.9.1).

Once we have that (11.8.8) holds for every complex-valued summable func-
tion on X, we get that

S f@) - 3 gla)

rzeX zeX

(11.9.2) <Y 1f(@) = g(@)]

zeX

for all complex-valued summable functions f, g on X. This is basically the same
as (11.9.1), except that we use (11.8.8) in the second step. Of course, if f and g
are real-valued summable functions on X, then we could already get this using
(11.7.5).

Let f be a real or complex-valued summable function on X again. If E
is a nonempty subset of X, then the restriction of f to E is summable as
a real or complex-valued function on F, as appropriate. This follows from the
analogous statement for nonnegative real-valued summable functions, which was
mentioned in Section 11.4. In particular, this means that ) _, f(z) can be
defined as a real or complex number, as appropriate, as in the previous two
sections.

Note that
(11.9.3) S @) =Y f@)

zeE zeX

when f(xz) =0 for every z € X \ E. This was mentioned in Section 11.3 when
f is a nonnegative real-valued function on X. If f is a real-valued summable
function on X with support contained in E, then the functions defined in (11.7.1)
have support contained in E too. In this case, (11.9.3) can be reduced to the
corresponding statement for nonnegative real-valued functions, because of the
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way that the sum was defined in Section 11.7. Similarly, if f is a complex-
valued summable function on X with support contained in F, then (11.9.3) can
be obtained from the corresponding statement for real-valued functions, applied
to the real and imaginary parts of f.

If £ and Fs are nonempty disjoint subsets of X, then

(11.9.4) S M@= f@)+ Y f).

reE1UE> rEE, rEEy

This was mentioned in Section 11.5 when f is nonnegative. If f is any real or
complex-valued summable function on X, then (11.9.4) can be obtained from the
linearity of the sum, by expressing f on F; U FE5 as a sum of functions supported
in E7 and FEs, as before. Alternatively, if f is a real-valued summable function
on X, then one can reduce to the case of nonnegative real-valued summable
functions on X, because of the way that the sum is defined in Section 11.7.
Similarly, if f is a complex-valued summable function on X, then one can apply
the previous statement to the real and imaginary parts of f.

11.10 Generalized convergence

Let f be a real or complex-valued function on a nonempty set X. The sum

(11.10.1) > fa)

zeX

is said to converge in the generalized sense if there is a real or complex number
A\, as appropriate, such that for every € > 0 there is a nonempty finite subset
A of X with the property that

(11.10.2) > fla) - )\’ <e

r€EA

for every nonempty finite subset A of X with Ac C A. In this case, the value
of the sum (11.10.1) is defined to be A. More precisely, one can check that A
is unique when it exists. Of course, if X has only finitely many elements, then
one can take A, = X for every € > 0, to get that this condition holds trivially
with A equal to the finite sum (11.10.1).

Suppose that f is summable on X, and let us check that the sum (11.10.1)
converges in the generalized sense, with the same value of the sum as defined
in Sections 11.2, 11.7, and 11.8. This is trivial when X has only finitely many
elements, and so we suppose now that X is an infinite set. If A is a nonempty
finite subset of X, then

(11.10.3) S @)=Y f@)+ > fla),

zeX T€EA ze€X\A
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asin (11.9.4). Note that X \ A # 0 in this situation, and that the restriction of
f to X \ A is summable, as in the previous section. It follows that

M@ =Y f@)=| Y. f@)|< D @),

r€EA reX ze€X\A zeX\A

(11.10.4)

using (11.7.5) or (11.8.8) in the second step, as appropriate. Remember that
for each € > 0 there is a nonempty finite subset A(e) of X such that

(11.10.5) Yoo lf@)l<e

z€X\A(e)

as in (11.4.10). If A(e) C A, then X \ A C X \ A(e), and hence

(11.10.6) Slf@ls Do If@)l

z€X\A zeX\A(e)

as in (11.3.4). Thus

(11.10.7) Y f@) =D f@) < DY [f@)< Y [f@)<e

T€EA reX zeX\A zeX\A(e)

when A is a nonempty finite subset of X with A(e) C A, as desired.

Alternatively, if f is a nonnegative real-valued summable function on X, then
the convergence of the sum (11.10.1) in the generalized sense can be obtained
from (11.4.7). If f is a real-valued summable function on X, then f can be
expressed as a difference of nonnegative real-valued summable functions on X, as
in (11.7.3). In this case, the convergence of the sum (11.10.1) in the generalized
sense can be reduced to the previous statement. Similarly, if f is a complex-
valued summable function on X, then the real and imaginary parts of f are
summable on X too. This permits one to reduce the convergence of (11.10.1)
in the generalized sense to the analogous statements for the real and imaginary
parts of f.

Let f be a real or complex-valued function on X again, and suppose that the
sum (11.10.1) converges in the generalized sense. Applying the earlier definition
with € = 1, we get that there is a real or complex number A, as appropriate,
and a nonempty finite subset A; of X such that

(11.10.8)

Zf(x)—)\’<l

r€A

for every nonempty finite subset A of X with A; C A. In particular,

> fla)

z€A

(11.10.9)

<|Al+1
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for every nonempty finite subset A of X with A; C A. Let us check that

> fla)

zEB

(11.10.10) <A +14 ) [f(@)]

r€A;

for every nonempty finite subset B of X. Of course, (11.10.10) follows from
(11.10.9) when A; C B. Otherwise, we can apply (11.10.9) to A = BU A4, to

get that
Y f@)

(11.10.11) <A+ 1.
x€BUA,

This implies that

(11.10.12) @ o= | Y - > f@)
z€B x€BUA, r€A\B
< | YD f@+| DL fa)
z€EBUA; z€A1\B
< P+ D f@)
:L’GAl\B

This shows that (11.10.10) also holds when A; \ B # (), as desired.

If f is a nonnegative real-valued function on X, then (11.10.10) implies that
f is summable on X. If f is a real-valued function on X, then (11.10.10) implies
that the positive and negative parts of f are summable on X. More precisely,
one can get this by applying (11.10.10) to nonempty finite subsets B of X on
which f has constant sign. It follows that f is summable on X too in this case.
If f is a complex-valued function on X, then one can use (11.10.10) to get that
the real and imaginary parts of f are summable on X, and hence that f is
summable on X.

11.11 Compositions and sums

Let X and Y be nonempty sets, and let ¢ be a one-to-one mapping from X
onto Y. Also let f be a real or complex-valued function on Y, so that f(¢(x))
defines a real or complex-valued function on X, as appropriate. Note that

(1L.1L.1) Do)=Y 1f W),

rzeX yey

as in (11.3.2). Thus f is summable on Y if and only if f(¢(z)) is summable on
X. Let us check that

(11.11.2) Do f@@) =) fy)

reX yey

in this case. If f is a nonnegative real-valued function on Y, then (11.11.2) is
the same as (11.11.1). If f is a real-valued function on Y, then one can get
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(11.11.2) by expressing f as a difference of nonnegative real-valued summable
functions on Y, as in Section 11.7. If f is a complex-valued summable function
on Y, then (11.11.2) can be obtained by applying the previous statement to the
real and imaginary parts of f.

Similarly, if f is a real or complex-valued function on Y, then one can check
directly that ) . f(¢(x)) converges in the generalized sense if and only if
Eer f(y) converges in the generalized sense, with the same value of the sums.
This uses the fact that A — ¢(A) defines a one-to-one correspondence between
nonempty finite subsets of X and nonempty finite subsets of Y.

Now let X be a countably infinite set, and let {z;}32; be a sequence of
elements of X in which every element of X occurs exactly once. Thus j — z;
is a one-to-one mapping from the set Z, of positive integers onto X. Let f be
a real or complex-valued function on X, so that f(z;) may be considered as
a real or complex-valued function of j € Z,, as appropriate. As before, f is
summable on X if and only if f(x;) is summable on Z , in which case

(11.11.3) Y flay) =" fla).

JEZ reX

Alternatively, the sum on the left converges in the generalized sense if and only
if the sum on the right converges in the generalized sense, with the same value
of the sum, as in the preceding paragraph.

Remember that -

(11.11.4) Yo=Y 1f ),

Jj=1 JE€EZy

as in (11.2.4). Thus f(z;) is summable on Z if and only if the infinite series
on the left side of (11.11.4) converges in the usual sense, which means that
Z;’;l f(x;) converges absolutely. Under these conditions,

(11.11.5) Do fa) = flay).

Jj=1 JE€EZy

More precisely, (11.11.5) is the same as (11.11.4) when f is real-valued and
nonnegative. If f is real-valued, then (11.11.5) can be obtained from the previous
statement by expressing f as a difference of nonnegative real-valued summable
functions. If f is complex-valued, then one can get (11.11.5) by considering the
real and imaginary parts separately. Alternatively, if the sum on the right side
of (11.11.5) converges in the generalized sense, then it is easy to see that the
sum on the left side of (11.11.5) converges, and with the same value of the sum.

11.12 Completeness of ¢! spaces

Let X be a nonempty set, and let {f; 521 be a sequence of real or complex-
valued functions on X that converge pointwise to a real or complex-valued
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function f on X, as appropriate. Suppose also that the f;’s are summable on
X, with bounded ¢! norms, so that there is a nonnegative real number C such
that
(1112.1) S L@l <c

zeX
for every j > 1. We would like to show that f is summable on X too under
these conditions, with
(11.12.2) S lf@)<c.

rzeX
If A is any nonempty finite subset of X, then

11.12.3 f(z)| = lim fi(@)] <

( ) erA| ()] ﬁm;h( )|

using basic properties of limits in the first step, and (11.12.1) in the second step.
This implies (11.12.2), as desired.

Let us now check that /1(X, R) and ¢*(X, C) are complete as metric spaces,
with respect to the (' metric (11.6.6). Let {f;}52; be a sequence of real or
complex-valued summable functions on X that is a Cauchy sequence with re-
spect to the ¢! metric. This means that for each € > 0 there is an L(e) € Z
such that
(11.12.4) S Ifi@) = fi@)| = 11f5 = fills <e

reX
for every j,1 > L(e). In particular, if z € X, then it follows that

(11.12.5) 1) — filw)] < e
for every j,0 > L(e). Thus {f;(z)}32, is a Cauchy sequence in R or C, as

appropriate, with respect to the standard Euclidean metric.
It is well known that R and C are complete as metric spaces with respect
to the corresponding Euclidean metric. Thus {f;(x)}52, converges in R or C,

J
as appropriate, for each x € X. Put
(11.12.6) f(z) = lim f(x)
j—o0

for every x € X, which defines f as a real or complex-valued function on X, as
appropriate. We would like to show that f is summable on X, and that {f;}72,
converges to f with respect to the ¢! metric. Of course, if X has only finitely
many elements, then this follows easily from pointwise convergence.

Let € > 0 and | > L(e) be given, and consider {f; — fi}j2 ) as a sequence
of summable functions on X that converges pointwise to f — f;. Using (11.12.4)
and the remarks at the beginning of the section, we get that f — f; is summable
on X, with
(11.12.7) Yo 1f@) = filx)| < e

rzeX

In particular, f is summable on X, because f; is summable on X. More precisely,
we can simply take e = 1 and [ = L(1) in this step. It follows from (11.12.7)
that {f;}52, converges to f with respect to the ¢t metric, as desired.
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11.13 Monotone convergence

Let X be a nonempty set, and let {f; };";1 be a sequence of nonnegative real-
valued functions on X. Suppose that the f;’s are monotonically increasing in
j, so that

(11.13.1) fi(x) < fina(x)

for every z € X and j > 1. Put

(11.13.2) f(z) =sup f;(z)
j=>1

for each x € X, which defines f as a nonnegative extended real-valued function
on X. Equivalently, this means that

(11.13.3) filx) = f(z) asj— o0

for every € X, as in Section 11.1. Note that

(11.13.4) S fil@) <Y fiala)

zeX zeX

for every j > 1, because of (11.13.1), as in (11.3.11).
Similarly,

(11.13.5) S filx) <Y fla)

zeX reX

for every j > 1, because f;(x) < f(z) for every x € X and j > 1, by construc-
tion. Thus

(11.13.6) sup ( 3 fj(x)) <3 fla).

izl *oex z€X
We would like to show that

(11.13.7) sup (3 fi(@) =D fl@)
IZl trex zeEX
under these conditions. This is basically the same as saying that
(11.13.8) Z fi(z) — Z f(z) asj— oo,
reX zeX

because of (11.13.4). More precisely, if f; is summable on X for each j > 1,
then (11.13.7) is equivalent to (11.13.8), as in Section 11.1. Otherwise, if f;
is not summable on X for some j > 1, then f; is not summable on X for all
sufficiently large j, because of (11.13.1). In this case, it is easy to see that f
is not summable on X, so that (11.13.7) holds, and that (11.13.8) holds in a
suitable sense.

In order to show (11.13.7) or (11.13.8), let a be a real number such that

(11.13.9) a< > f(x)
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By definition of the sum on the right, there is a nonempty finite subset A of X
such that

(11.13.10) a< >y f).

T€EA
Observe that

(11.13.11) S fitw) =Y f@) asj— oo,

TEA z€A
because of (11.13.3). It follows that
(11.13.12) a< fix)

T€EA

for all but finitely many j > 1. This implies that
(11.13.13) a< >y fix)

zeX

for the same j’s, and hence all but finitely many j > 1. Using this, one can check
that (11.13.7) or (11.13.8) holds, as desired. This is the monotone convergence
theorem for sums. Of course, if X has only finitely many elements, then this is
more elementary, as in (11.13.11).

11.14 Dominated convergence

Let X be a nonempty set, and let {f;}32; be a sequence of real or complex-
valued functions on X that converges pointwise to a real or complex-valued
function f on X, as appropriate. Suppose that there is a nonnegative real-
valued summable function g on X such that

(11.14.1) |f5(@)] < g(z)
for every x € X and j > 1. This implies that
(11.14.2) |f(2)] < g(x)

for every z € X, because {f;(z)}52; converges to f(z), by hypothesis. In
particular, f; is summable on X for each j > 1, because of (11.14.1), and f is
summable on X too, because of (11.14.2). We would like to show that

(11.14.3) Tim 3" [f5(@) ~ f@)] =0

zeX

under these conditions. Of course, if X has only finitely many elements, then
this follows from standard results about sums of convergent sequences. Thus
we may suppose that X has infinitely many elements.

Let € > 0 be given. Because g is summable on X, there is a nonempty finite
subset Ag of X such that
(11.14.4) > gla) <¢/3,

z€X\Ag
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as in (11.4.10). Note that

(11.14.5) [fi(z) = f(@)] < [f5(@)| + |f(2)] < 29(x)
for every x € X and 7 > 1, by (11.14.1) and (11.14.2). Tt follows that
(11.14.6) Y @ - @l Y 29 <2¢/3

T€X\ Ao zEX\Ag

for every j > 1.
As before,

(11.14.7) Jim > 1fi(@) = f@) =0,

xEAQ

because Ag has only finitely many elements. Hence there is an L € Z, such
that

(11.14.8) D @) = f@)] < e/3

€A
for every j > L. Combining this with (11.14.6), we get that

S i) =@ = D i@ - f@l+ D 1fi@) - f@)

zeX z€Ao z€X\Ag
(11.14.9) < €/3+2¢/3=¢

for every j > L, as desired.
Observe that

1410) | H@ - Y s@| = Z(fj(w)—f(:v))‘
rzeX zeX rzeX
< S - 1)

for every j > 1. This uses (11.7.5) or (11.8.8), as appropriate, in the second
step. Thus (11.14.3) implies that

(11.14.11) Jim. S fi@) =" f@).

zeX zeX

The fact that this holds under these conditions is the dominated convergence
theorem for sums. If X has only finitely many elements, then this is a standard
result about sums of convergent sequences, as before.

11.15 Nonnegative sums of sums

Let X be a nonempty set, and let f be a nonnegative real-valued function on
X. Also let I be a nonempty set, and let E; be a nonempty subset of X for
each j € I. Suppose that

(11.15.1) E;NE =0
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for every j,1 € I with j # [, and put

(11.15.2) E=|]JE;
jel
As usual,
(11.15.3) > f)
IEEJ‘

is defined as a nonnegative extended real number for each j € I, so that (11.15.3)
may be considered as a nonnegative extended real-valued function of j on I.
Thus

(11.15.4) Z( > f(x))

JjEI x€E;

can also be defined as a nonnegative extended real number, as in Section 11.2.
Of course,
(11.15.5) > f=)
el

can be defined as a nonnegative extended real number as well. We would like to
show that (11.15.4) is equal to (11.3.3). This is elementary when E is a finite
set, which is the same as saying that I is a finite set, and that E; is a finite set
for each j € I.

Let us first verify that (11.15.5) is less than or equal to (11.15.4). Let A be
a nonempty finite subset of E. Put

(11.15.6) Ia={jel: ANE; #0},

which is a nonempty finite subset of I, and observe that

(11.15.7) A= ] AnE;.
JEIA
Thus
(11.15.8) > @)= Z( > f(z)),
€A jEIA xEANE;

as mentioned earlier. If j € I4, then
(11.15.9) Y f@) <) ),
r€EANE; Tz€E;
because AN E; C E;. Combining this with (11.15.8), we get that
(11.15.10) NIOEDY ( 3 f(as)).
€A j€la x€E;

It follows that

(11.15.11) PNIOEDY ( > f(x))7

zEA jEI z€E;
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because 4 C I. This implies that

(11.15.12) NIOEDY ( > f(x)),

©€E jEI  wx€E;

by the definition of the sum over E on the left.
Now let us check that (11.15.4) is less than or equal to (11.15.5). Let Iy be
a nonempty finite subset of I, and put

(11.15.13) E(I) = |J E;.
Jj€lo

Observe that

(11.15.14) > ( > f(x)) = > f)

j€lo xz€E; xz€E(Ip)

This follows from the analogous statement (11.5.13) for the union of two disjoint
nonempty subsets of X. Hence

(11.15.15) > ( > f(r)) <> f),

j€lo =xz€E; zelE

because E(Ip) C E. It follows that

(11.15.16) S (X r@) <Y s,

jel z€E z€E

by the definition of the sum over I on the left. Combining (11.15.12) and
(11.15.16), we get that (11.15.4) is equal to (11.15.5), as desired.

11.16 Real and complex sums

Let X be a nonempty set again, and let f be a real or complex-valued summable
function on X. As in the previous section, we let I be a nonempty set, and we
let £; be a nonempty subset of X for each j € I. We suppose that the E}’s are
pairwise disjoint, as in (11.15.1), and we let E be their union, as in (11.15.2).
The sum (11.15.3) of f(z) over x € E; is now defined as a real or complex
number for each j € I, as appropriate. Similarly, the sum (11.15.5) of f(z) over
x € I is defined as a real or complex number, as appropriate.

If j € I, then
DT F@)| < Y 1f@),

(11.16.1)
el el

as in (11.7.5) or (11.8.8), as appropriate. Thus

(11.16.2) DD @) < Z( > If(x)|)7

jel'zeE, jel  z€E;
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where these sums over I are defined as nonnegative extended real numbers in
the usual way. The remarks in the previous section imply that

(11.16.3) S (X @) = Y @l
je€l  xzc€E; zeE

We also have that

(11.16.4) S @) < 3 If@)] < o,

zeE reX
because f is summable on X, by hypothesis. It follows that

(11.16.5) SIS f@)

jel'zeE;

< 00.

This means that the sum (11.15.3) of f(x) over x € E; is summable as a real
or complex-valued function of j € I, as appropriate. Hence the sum (11.15.4) of
this sum over j € I can be defined as a real or complex number, as appropriate.
We would like to check that this sum is equal to the sum (11.15.5) of f(x) over
x € E. If f is a nonnegative real-valued function on X, then this follows from
the remarks in the previous section. If f is a real-valued summable function
on X, then f can be expressed as the difference of two nonnegative real-valued
summable functions on X, as in (11.7.3). In this case, the equality of (11.15.4)
and (11.15.5) follows from the analogous statement for nonnegative real-valued
summable functions on X. If f is a complex-valued summable function on X,
then one can apply the previous statement to the real and imaginary parts of
f

Let Y and Z be nonempty sets, and suppose that X = Y x Z is their
Cartesian product. If f(y,z) is a nonnegative real-valued function on Y x Z,
then

(11.16.6) > fy.2)

z€Z
defines a nonnegative extended real-valued function of y € Y, and

(11.16.7) > fw,.2)

yey

defines a nonnegative extended real-valued function of z € Z. Thus

(11.16.8) S (X rw.2)

yeY zeZ

and

(11.16.9) > ( > fw, Z))
z2€Z yeyY

are defined as nonnegative extended real numbers, as is

(11.16.10) > fwa).

(y,2)€Y X Z
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The remarks in the previous section imply that (11.16.8) is equal to (11.16.10).
This corresponds to expressing Y X Z as the union of the pairwise-disjoint
nonempty subsets of the form {y} x Z, with y € Y. Similarly, (11.16.9) is equal
to (11.16.10), which corresponds to expressing Y x Z as the uion of the pairwise-
disjoint nonempty subsets of the form Y x {z}, with z € Z. In particular, it
follows that (11.16.8) is equal to (11.16.9).

Suppose now that f(y, z) is a real or complex-valued summable function on
Y x Z. In this case, (11.16.6) defines a real or complex-valued function of y € Y,
and (11.16.7) defines a real or complex-valued function of z € Z, as appropriate.
These functions are summable on Y and Z, respectively, as in (11.16.5). Hence
(11.16.8) and (11.16.9) are defined as real or complex numbers, as appropriate.
The sum (11.16.10) is also defined as a real or complex number, as appropriate,
and it is equal to (11.16.8) and (11.16.9), as before.

11.17 Square-summable functions

Let X be a nonempty set, and let f be a real or complex-valued function on X.
If |f(z)|? is summable on X, then we say that f is square-summable on X. In

this case, we put
1/2
(11.17.1) 1l = (X 1F@I?)

zeX

using the nonnegative square root on the right side, as usual. If t € R or
C, as appropriate, then t f is square-summable on X too, because |t f(z)]? =
[t|?|f(z)]? is summable on X. We also have that

1/2
(11.17.2) It fll2 = (Z 1t[2 |f(x)|2) = [t| | f]2-
reX

Remember that 1
(11.17.3) ab< §(a2+b2)

for all nonnegative real numbers a, b, as in (2.3.6). Let g be another real or
complex-valued square-summable function on X, as appropriate. Observe that

(11.17.4) [f (@)l g()] < %(If(x)\2 +g(2)l?)

for every € X, by (11.17.3). This implies that

Y lf@)llg)l < Z%(If(x)IQJrlg(x)I?)

zeX reX

S S F@P gy S le@)P = 5 1513+ 5 ol

zeX rzeX

(11.17.5)

In particular, | f(z)| |g(«)| is summable on X when f and g are square-summable
on X.
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More precisely,

(11.17.6) Y F@)g@)] < IIf N2 lgllz

zeX

when f and g are square-summable on X. This is another version of the Cauchy—
Schwarz inequality. If || f]j2 = ||g]l2 = 1, then (11.17.6) follows from (11.17.5).
If || fll2, llgll2 > 0, then one can reduce to the previous case, using (11.17.2).
Otherwise, if f(z) = 0 for every € X, or g(z) = 0 for every x € X, then
(11.17.6) is trivial.

Note that

(1117.7)  [f(2) +g9@)* < (f@)]+lg(=)])?
(@)1 + 21 f (@)] lg(@)] + |9 ()]

for every x € X. Hence

(1117.8) Y [f(x) +g(x)]?

zeX

< D @EP+2 Y 1f@lg@)] + Y lg(@).

zeX reX zeX

If f and g are square-summable on X, then it follows that f + g is square-
summable on X, because |f(z)||g(x)| is summable on X, as before. Using
(11.17.6), we get that

(11.17.9)  [If +gll3 < 113 + 21 fll2 lgll2 + lgllz = (1F1l2 + llgll2)*.

Equivalently, this means that

(11.17.10) £ +gll2 < 1 fll2+ llgll2-

11.18 /¢? Spaces

Let X be a nonempty set again, and let £2(X,R) and £?(X, C) be the spaces of
real and complex-valued square-summable functions on X, respectively. These
are linear subspaces of the real and complex vector spaces of all real and
complex-valued functions on X, respectively, as in the previous section. Note
that (11.17.1) defines a norm on each of ¢?(X,R) and ¢*(X,C), because of
(11.17.2), (11.17.10), and the fact that ||f|]2 = 0 if and only if f(z) = 0 for
every x € X. This implies that

(11.18.1) d2(f,9) = 1f —gll2

defines a metric on each of £2(X,R) and ¢*(X, C), as usual.
If f is a real or complex-valued square-summable function on X, then

(11.18.2) [f @) <[ f]l2
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for every x € X, by the definition (11.17.1) of || f||2. It follows that f is bounded
on X, with

(11.18.3) [flloo < [I.fIl2-

Here || f||oo denotes the supremum norm of f, as in (1.13.4). If g is another real
or complex-valued square-summable function on X, as appropriate, then we get
that

(11.18.4) dw(f,9) < d2(f. 9),

where doo(f, g) is the supremum metric, as in (1.13.8).

Let f be a real or complex-valued square-summable function on X again, so
that |f|? is summable on X. This implies that |f|? vanishes at infinity on X,
as in Section 11.4. Using this, it is easy to see that f vanishes at infinity on X
as well. Thus

(11.18.5) Z(X,R) C cp(X,R), £*(X,C)C co(X,C).

Let f be a real or complex-valued summable function on X, and remember
that f is bounded on X, as in Section 11.6. Observe that

(11.18.6) > |f@P <Iflle D 1f@)] = Ifllos IfIh < £,

zeX reX

where || f||1 is the ! norm of f, as in (11.6.3). This implies that f is square-
summable on X, with

(11.18.7) [£llz < NI f]l1-
Hence
(11.18.8) (M(X,R) C 2(X,R), (*(X,C)C*X,C).

If g is another real or complex-valued summable function on X, as appropriate,
then we have that

(11.18.9) da2(f,9) < di(f,9),

where dy(f, g) is the £! metric, as in (11.6.6).

In particular, real or complex-valued functions on X with finite support
are square-summable. Let us verify that coo(X,R), coo(X,C) are dense in
?(X,R), (*(X,C), respectively, with respect to the ¢?> metric (11.18.1). This
is very similar to the analogous argument for ¢! spaces, in Section 11.6. As
before, there is nothing to do when X has only finitely many elements, and so
we suppose that X is an infinite set. Let f be a real or complex-valued square-
summable function on X, and let € > 0 be given. Because |f|? is summable on
X, there is a finite subset A(e) of X such that

(11.18.10) S f@P<é

2EX\A(e)

asin (11.4.10). Let f. be the real or complex-valued function on X, as appropri-
ate, that is equal to f on A(e) and to 0 on X \ A(e). Thus f. has finite support
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in X, and f — fc is equal to 0 on A(e), and to f on X \ A(e). It follows that

(11.18.11) D@ L) = Y @) <€

zeX z€X\A(e)
so that
(11.18.12) 1f = fell2 <,
as desired.

11.19 Completeness of ¢? spaces

Let X be a nonempty set, and let {f; }‘;‘;1 be a sequence of real or complex-
valued functions on X that converges pointwise to a real or complex-valued
function f on X, as appropriate. Suppose that the f;’s are square-summable
on X, with bounded ¢2 norms, so that

(11.19.1) I fill2 < C

for some nonnegative real number C and every j > 1. Equivalently, this means
that
(11.19.2) S Ifi@))P<c?

zeX
for every j > 1. Of course, {|f;(x)[*}32, converges to | f(x)|* with respect to the
standard Euclidean metric on R for every x € X, by well-known results about
convergent sequences of real or complex numbers. Under these conditions, f is
a square-summable function on X, with

(11.19.3) S If@)P <

reX
This follows from the remarks at the beginning of Section 11.12, applied to | f; 2.
Of course, (11.19.3) is the same as saying that

(11.19.4) 1£]l2 < C.

We would like to show that ¢£2(X,R), £2(X,C) are complete with respect
to the ¢2 metric (11.18.1). Let {f; }321 be a sequence of real or complex-valued
square-summable functions on X that is a Cauchy sequence with respect to the
¢2 metric. Thus for each e > 0 there is an L(e¢) € Z such that

(11.19.5) 1 = filla < e

for every j,1 > L(e). If x € X, then it follows that

(11.19.6) fi(z) = filz)] <e
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for every j,I > L(e), by (11.18.2). This implies that {f;(z)}32, is a Cauchy
sequence in R or C, as appropriate, with respect to the standard Euclidean
metric.

Hence {f;(x)}32; converges in R or C, as appropriate, for every z € X,
because R and C are complete as metric spaces. Let f(z) be the limit of this
sequence for each x € X, so that f defines a real or complex-valued function on
X, as appropriate. We want to verify that f is square-summable on X, and that
{ fj} © | converges to f with respect to the £2 metric. If X has only finitely many
elementb then f is automatically square-summable on X, and convergence with
respect to the ¢? metric can be obtained from pointwise convergence.

Let € > 0 and [ > L(e) be given, and let us consider {f; — fi}72, ) as a
sequence of square-summable functions on X that converges to f — f; pointwise
on X. The remarks at the beginning of the section imply that f — f; is square-
summable on X, with
(11.19.7) If = fils <,

because of (11.19.5). In particular, this holds with e = 1 and | = L(1). This
implies that f is square-summable on X, because fr(;) is square-summable on
X. Using (11.19.7) again, we get that {fJ} °, converges to f with respect to
the ¢2 metric, as desired.

11.20 Inner products on ¢? spaces

Let X be a nonempty set, and let f, g be square-summable real-valued func-
tions on X. Under these conditions, |f(x)||g(z)| is summable as a nonnegative
real-valued function on X, as in Section 11.17. This means that f(z)g(z) is
summable as a real-valued function on X, so that

(11.20.1) (f,9) =l 9ecr =) @)

zeX

can be defined as a real number, as in Section 11.7. This is the standard inner
product on ¢?(X,R). In particular,

(11.20.2) (f.Hexr =Y f@)? =3

zeX

where || f||2 is the £2 norm of f, as in (11.17.1). As before,

> f@) g

rzeX

(11.20.3) [(f,9)ee(x,r)| =

< D I @lHg@)] < 1f 12 llgle,

zeX

using the Cauchy—Schwarz inequality (11.17.6) in the third step. Of course, it
is much easier to define this inner product on the space coo(X, R) of real-valued
functions on X with finite support, by reducing the sum on the right side of
(11.20.1) to a finite sum.
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Note that

(11.204) (f.g)exry = Y f(@)g(x) =Y g(z) f(=) = (g, ez (x.R0)-

reX reX
If t € R, then t f is square-summable on X too, and

(11.205)  (tf Qexr = P tf(@)g)

rzeX

th z) =t{f,9)exRr)-

rzeX

If f1 and f5 are square-summable real-valued functions on X, then we have seen
in Section 11.17 that f; + f3 is square-summable on X as well. In this case, we
have that

(11.20.6)  (fi+ fo exr) = Y ([i(x)+ fa(2) g()

= Y A@)g@) + > falw) g(x)

= (fL9exr) T (f29)exR)

using the linearity of the sum in the second step. The analogous linearity
properties of the inner product (11.20.1) in g can be obtained in the same way,
or using (11.20.4).

Now let f, g be square-summable complex-valued functions on X. As before,
|f(x)]|g(x)| is summable as a nonnegative real-valued function on X, so that
f(x) g(z) is summable as a complex-valued function on X. Hence

(11.20.7) (9=l 9exe =) Ik

zeX

can be defined as a complex number, as in Section 11.8, which is the standard
inner product on £?(X, C). As usual,

(11.20.8) (f, Nexe = D 1F@F =IfI5,

zeX

where || f||2 is the £2 norm of f. We also have that

> fa

zeX

(11.20.9) [(f,9)e(x.0)l = Vg@)| < D 1f@)]lg@)] < [I£llz gl

reX

using the Cauchy—Schwarz inequality (11.17.6) in the third step again.
In this situation, we have that

(11.20.10) {f,9)ez(x.c) = (Z fa ) > 9(@) f(@) = (9. Nex.o)

reX zeX
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If t € C, then t f is square-summable on X, and it is easy to see that

(11.20.11) (tf,9ex.c =t{f,9)ex0),
as before. Similarly, t g is square-summable on X, and
(11.20.12) (Litg)ex,c) =t 9)ex.0)

by the same type of argument, or using (11.20.10). If f; and fy are square-
summable complex-valued functions on X, then f; + fo are square-summable
on X, and

(11.20.13) (fi+ f2,9)e2x,0) = (f1, D e2x.0) + (f2, 9 ez (x.0)s

as in the real case. The analogous additivity property of the inner product
(11.20.7) in g can be obtained in the same way, or using (11.20.10).



Chapter 12

Some additional topics

12.1 Lebesgue measure and integration

Let a, b be real numbers with a < b, and remember that

b
(12.1.1) d(f.g) = / (@) - g(a)] de

defines a metric on the space C([a,b], R) of continuous real-valued functions on
[a,b], as in Section 3.1. Tt is not difficult to see that this space is not complete
with respect to (12.1.1), as in Section A.5. In order to get completeness, one
can use the Lebesgue integral. Although we shall not discuss this in detail here,
let us mention a few other topics related to Lebesgue’s theory of measure and
integration.

Let {f;}32, be a sequence of continuous real-valued functions on [a, b], and
let f be another continuous real-valued function on [a,b]. If {f;}32; converges
to f uniformly on [a, b], then it is easy to see that {f;}72; converges to f with
respect to (12.1.1). In particular, this implies that

(12.1.2) lim /abfj(x)dx:/abf(a;)da:,

j—o0

[ = [ s

for every 7 > 1. However, one can give examples to show that this does not
work if we only ask that {f;}32, converge to f pointwise on [a, b], as in Section
A4

Suppose now that {f;}32; is uniformly bounded on [a,b], in the sense that
there is a nonnegative real number A such that

because

b
(12.1.3) S/ |fi(z) = f(z)|dx

(12.1.4) @) <A

231
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for every x € [a,b] and j > 1. If {f;}52, converges to f pointwise on [a,b],
then a classical theorem of Arzeld and Osgood implies that (12.1.2) holds, as
in [37, 69, 122, 126, 180]. More precisely, this works when the f;’s and f
are Riemann integrable on [a, b], instead of continuous. One can also get that
{f;}521 converges to f with respect to (12.1.1), by considering {|f; — f[}52; in
the previous statement. Questions like these can be treated more extensively
using the Lebesgue integral.

If f is a bounded real-valued function on [a, b], then a famous theorem states
that f is Riemann integrable on [a, b] if and only if f is continuous at “almost
every” point in [a, b] with respect to Lebesgue measure. This means that the set
of points in [a,b] at which f is not continuous has Lebesgue measure equal to
0. This is discussed in many textbooks, as well as the articles [24, 147]. Some
related results can be found in [121, 134], and also in in [177], for Riemann—
Stieltjes integrability.

Now let f be a monotonically increasing real-valued function on [a,b]. It is
well known that the one-sided limits of f exist at every point in (a,b), as well
as the appropriate one-sided limits at the endpoints a, b. This can be used to
show that f is continuous at all but finitely or countably many points in [a, b].
A famous theorem states that f is also differentiable at almost every point in
[a, b], with respect to Lebesgue measure. Of course, the derivative is nonnegative
when it exists, because of monotonicity.

One can show that

(12.1.5) / f(x)dz < f(b) — f(a),

where the integral on the left is defined as a Lebesgue integral. If f has a jump
discontinuity at any point in [a, b], then the inequality in (12.1.5) is strict. There
are also examples where f is both continuous and monotonically increasing on
[a,b], and the inequality in (12.1.5) is still strict.

Suppose that f is a real-valued Lipschitz function on [a,b], with respect
to the standard Euclidean metric on R and its restriction to [a,d], but not
necessarily monotonic. Another famous theorem states that f is differentiable
almost everywhere with respect to Lebesgue measure on [a, b]. It is easy to see
that

(12.1.6) |f'(2)| < Lip(f),

when the derivative exists. This permits the integral on the left side of (12.1.5)
to be defined as a Lebesgue integral, and in fact one has

b
(12.1.7) [ r@s= o) @

in this situation. If fis a real-valued Lipschitz function on R”™ for some n € Z,
with respect to the standard Euclidean metrics on R™ and R, then another
famous theorem states that f is differentiable almost everywhere with respect
to n-dimensional Lebesgue measure on R™.
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12.2 Banach spaces

We shall now suppose that the reader has some familiarity with abstract vector
spaces and related notions. Let V' be a vector space over the real or complex
numbers. Thus V is a set, on which operations of addition and scalar multiplica-
tion over R or C have been defined. These operations should satisfy a number
of standard conditions, such as associativity and commutativity of addition,
and compatibility of scalar multiplication with addition on V' and addition and
multiplication on R or C, as appropriate. There should also be a distinguished
additive element in V', denoted 0.

As usual, a nonnegative real-valued function N on V' is said to be a norm
on V if it satisfies the following three conditions. First, N(v) = 0 if and only if
v = 0. Second,

(12.2.1) N(tv) =|t| N(v)

for every v € V and t € R or C, as appropriate. Third,
(12.2.2) N+ w) < N(v) + N(w)
for every v,w € V. In this case, it is easy to see that
(12.2.3) dy(v,w) = N(v—w)

defines a metric on V. If V is also complete as a metric space with respect to
(12.2.3), then V is said to be a Banach space with respect to N. Otherwise,
one can pass to a suitable completion of V', but we shall get into that now.

Suppose that {v;}32,, {w;}52, are sequences of elements of V' that converge
to v,w € V| respectively, with respect to (12.2.3). Under these conditions, one
can check that {v; + w;}52; converges to v +w in V with respect to (12.2.3).
Similarly, suppose that {t; };";1 is also a sequence of real or complex numbers
that converges to a real or complex number ¢, with respect to the standard
metric on R or C, as appropriate. In this case, one can verify that {¢; vj}]‘?‘;l
converges to tv in V with respect to (12.2.3). The proofs of these statements
are analogous to those for the corresponding facts about sums and products of
convergent sequences of real and complex numbers.

Let W be a linear subspace of V. This means that W is a subset of V that
contains 0 and satisfies the following two properties. First, if v,w € W, then

(12.2.4) v4+we W
Second, if v € W and t € R or C, as appropriate, then
(12.2.5) tveW.

It follows that W is also a vector space over R or C, as appropriate, with respect
to the restriction of the vector space operations on V to W. If N is a norm
on V, then it is easy to see that the restriction of N to W defines a norm on
W. Of course, the metric on W associated to the restriction of N to W is the
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same as the restriction to W of the metric (12.2.3) associated to N on V. If V
is a Banach space with respect to N and W is a closed set in V' with respect to
(12.2.3), then W is a Banach space with respect to the restriction of N to W.
More precisely, W is complete with respect to the restriction of (12.2.3) to W
in this situation.

12.3 Hilbert spaces

Let V' be a vector space over the real numbers. A real-valued function (v,w)
defined for v,w € V is said to be an inner product on V if it satisfies the
following three conditions. First, for each w € V, (v, w) should be linear in V,
as a mapping from V into R. This means that

(12.3.1) v+ w) = (v,w) + V', w)
for every v,v’ € V, and that
(12.3.2) (tv,w) =t (v, w)

for every v € V and t € R. Second, (v, w) should be symmetric in v and w, so
that
(12.3.3) (v, w) = (w,v)

for every v,w € V. This implies that (v, w) is linear in w for every v € V,
because of the linearity in v. Third,

(12.3.4) (v,v) >0

for every v € V with v # 0. Of course, (v,w) = 0 whenever v = 0 or w = 0,
because of linearity in v and w.

Similarly, if V' is a vector space over the complex numbers, then a complex-
valued function (v, w) defined for v,w € V is said to be an inner product if it
satisfies the following three conditions. First, for every w € V', (v, w) should be
(complex) linear in v, as a mapping from V into C. This means that (12.3.1)
should hold for every v,v’ € V, as before, and that (12.3.2) should hold for
every v € V and t € C. Second, (v, w) should be Hermitian symmetric in v and
w, which means that
(12.3.5) (w,v) = (v, w)

for every v,w € V, where @ is the complex conjugate of a complex number a.
Combining this with the first condition, we get that (v,w) is conjugate-linear
in w for each v € V, so that

(12.3.6) (v,w+w') = (v,w) + (v,w’)

for every w,w’ € V, and
(12.3.7) (v, tw) =t (v,w)
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for every w € V and t € C. Observe that

(12.3.8) (v,v) = (v,v)

for every v € V, which means that (v,v) € R. The third condition is that
(12.3.4) hold for every v € V with v # 0 again. As before, (v, w) = 0 whenever
v=0orw=0.

Let (V, (v, w)) be a real or complex inner product space. Put

(12.3.9) [v]| = (v, v)1/?

for every v € V, using the nonnegative square root on the right side. It is well
known that
(12.3.10) (v, w)| < o] f|wl]

for every v,w € V, which is another version of the Cauchy—Schwarz inequality.
More precisely, this can be shown using the fact that

(12.3.11) (v+tw,v+tw)=|v+tw]|?>>0

for every v,w € V amd t € R or C, as appropriate. Note that

(12.3.12) [Evll = [¢] ]|v]]

for every v € V and t € R or C, as appropriate. One can also check that
(12.3.13) v+ wl| < [Jo]| + [Jw]|

for every v,w € V, using (12.3.10). Thus (12.3.9) defines a norm on V as a
vector space over R or C, as appropriate.

If V is complete with respect to the metric associated to the norm (12.3.9),
then V' is said to be a Hilbert space with respect to the inner product (v, w).
Otherwise, one can pass to a completion of V', as before.

12.4 Infinite series in Banach spaces

Let V be a vector space over the real or complex numbers, and let N be a norm
on V. An infinite series

(12.4.1) > v
j=1

with terms v; in V for each j > 1 is said to converge in V' with respect to IV if
the corresponding sequence of partial sums

l
(12.4.2) > v
j=1

converges to an element of V' with respect to the metric dy associated to N. In
this case, the value of the sum (12.4.1) is defined to be the limit of the sequence
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(12.4.2). If (12.4.1) converges in V, and if Z;’;l w; is another infinite series of
elements of V' that converges in V', then 372, (v; +w;) converges in V' too, with

o0

(12.4.3) Z(’Uj +wj) = Z'Uj + ij.
j=1 j=1

j=1

This follows from the analogous statement for sums of convergent sequences in
V', applied to the partial sums of these series. Similarly, if (12.4.1) converges in
V,and t € R or C, as appropriate, then Z;}; tv; converges in V' as well, with

(1244) it’l}j =1 i’l)j.
Jj=1 Jj=1

This uses the fact that ¢ times a convergent sequence in V' converges to ¢ times
the limit of the sequence.

The condition that the sequence of partial sums (12.4.2) of an infinite series
(12.4.1) be a Cauchy sequence with respect to the metric dy associated to N is
equivalent to saying that for each € > 0 there is a positive integer L such that

(12.4.5) N(ivj) <e

Jj=k

for every | > k > L. In particular, this holds when (12.4.1) converges in V,
because a convergent sequence in any metric space is a Cauchy sequence. Note
that the Cauchy condition for the partial sums implies that

(12.4.6) lim N(v;) =0,
=00

by taking k = [ in (12.4.5). This is the same as saying that {v;}32; converges
to 0 in V', with respect to dy. If V' is a Banach space with respect to IV, then
the Cauchy condition for the partial sums implies that the series converges in
V.

An infinite series (12.4.1) with terms in V is said to be absolutely convergent
with respect to N if

oo

(12.4.7) > N(v))

converges as an infinite series of nonnegative real numbers. Observe that

(12.4.8) N(zl:vj) < XZ:N(%‘)
j=k

Jj=k

for every I > k > 1, by the triangle inequality for N. If (12.4.1) converges
absolutely with respect to N, then the sequence of partial sums (12.4.2) is a
Cauchy sequence with respect to dy. More precisely, one verify (12.4.5) using
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(12.4.8) and the analogous Cauchy condition for the partial sums of (12.4.7). If
V' is a Banach space with respect to IV, then it follows that (12.4.1) converges
in V.

Now let (V, (v, w)) be a real or complex inner product space, and let us use
the corresponding norm || - ||, as in the previous section. A pair v, w of vectors
in V are said to be orthogonal if

(12.4.9) {(v,w) = 0.
In this case, it is easy to see that
(12.4.10) v +w||? = |v]|® + |Jw]?.

Let (12.4.1) be an infinite series of pairwise-orthogonal vectors in V, so that v;
is orthogonal to vy when j # k. This implies that

l !
Soull =D Ml
j=k

=

2
(12.4.11)

forevery | > k> 1. If

(12.4.12) > 12
j=1

converges as an infinite series of nonnegative real numbers, then the sequence
(12.4.2) is a Cauchy sequence in V. This uses (12.4.11) to get the Cauchy
condition (12.4.5) from the analogous Cauchy condition for the partial sums
of (12.4.12). If V is a Hilbert space with respect to (-,-), then it follows that
(12.4.1) converges in V.

12.5 Bounded linear mappings

Let V and W be vector spaces, where more precisely V and W should both be
defined over the real numbers, or both defined over the complex numbers. Also
let Ny and Ny be norms on V and W, respectively. Thus

(125.1)  dy(v,0") = Ny(v—2") and dw(w,w') = Nw(w,w’)

define metrics on V' and W, respectively. A linear mapping 7' from V into W
is said to be bounded with respect to Ny and Ny if there is a nonnegative real
number C' such that

(12.5.2) Nw (T (v)) < C Ny (v)

for every v € V. In this case, we have that

dw (T(u),T(v)) = Nw(T(u) =T(v)) = Nw(T(u—-0v))
(12.5.3) < CNy(u—v)=Cdy(u,v)
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for every u,v € V, so that T is Lipschitz with respect to the corresponding
metrics on V and W.

Conversely, if a linear mapping T' from V into W is Lipschitz with respect
to the metrics dy (-,-) and dw (-, ), then it is easy to see that T is bounded
with respect to Ny and Ny,. More precisely, if a linear mapping 7' from V
into W has the property that Ny (T'(v)) is bounded on a ball in V' of positive
radius, then one can check that T is bounded as a linear mapping. This uses
scalar multiplication to obtain (12.5.2) from the boundedness of Ny (T'(v)) when
Ny (v) is less than a fixed radius. In particular, if T is continuous at 0 with
respect to the metrics dy (+,-) and dw (-,-) on V' and W, then there is a § > 0
such that Ny (T'(v)) < 1 when v € V satisfies Ny (v) < 1. This implies that T’
is a bounded as a linear mapping, as before.

If V is a finite-dimensional vector space, then every linear mapping T from
V into W is bounded. Of course, this is trivial when V' = {0}. Otherwise, there
is a positive integer n such that V is isomorphic to R™ or C™ as a vector space
over the real or complex numbers, as appropriate. This permits one to reduce
to the same type of arguments as in Section 7.3.

Suppose that V' # {0}, and that T is a bounded linear mapping from V" into
W with respect to Ny and Ny. The corresponding operator norm is defined
" ©)

NW (T v
(12.5.4) 1T |lop = sup { Ny (0)

where the finiteness of the supremum follows from the boundedness of T'. If
V = {0}, then one can simply take ||T'||op, = 0. Equivalently, ||T'||,p is the same
as the infimum of the nonnegative real numbers C such that (12.5.2) holds. As
in Section 7.7, ||T||op is also the same as Lip(T'), defined with respect to the
metrics dy (-, ) and dw (-, ) associated to Ny and Ny .

If a is a real or complex number, as appropriate, then aT also defines a
linear mapping from V into W, where (aT)(v) = aT(v) for every v € V. It is
easy to see that aT is a bounded linear mapping when T is, with

:veV,v;«éO},

(12.5.5) laTlop = lal [|Tlop-

Note that ||T|lop = 0 if and only if T' = 0, which is to say that T'(v) = 0 for
every v € V. If T} and T are linear mappings from V into W, then 11 + T3
defines a linear mapping from V into W as well, with

(1256) (T1 + Tz)(l}) = Tl(U) + TQ(U).

If Ty, T5 are bounded as linear mappings with respect to Ny and Ny, then one
can check that T} + Ty is bounded as well, with

(12-5-7) ||T1 +T2H0p < ||T1||0p + ||T2H0p-

The space of linear mappings from V into W is a vector space over the real
or complex numbers, as appropriate, with respect to pointwise addition and
scalar multiplication of mappings. The space of bounded linear mappings from
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V into W is a linear subspace of the space of all linear mappings from V into
W, as in the preceding paragraph. The operator norm (12.5.4) defines a norm
on the space of bounded linear mappings from V into W, as a vector space over
the real or complex numbers, as appropriate.

Let Z be another vector space, which is defined over the real or complex
numbers, depending on whether V' and W are defined over the real or complex
numbers. Also let Nz be a norm on Z, let T be a bounded linear mapping
from V into W, and let T be a bounded linear mapping from W into Z. Under
these conditions, one can verify that the composition 75 o T} is bounded as a
linear mapping from V into Z, with

(12.5.8) 172 © Tallop < T1llop [IT2]l0p-

Here the various operator norms are defined with respect to the given norms on
V, W, and Z, as appropriate.



Appendix A

Some more on mappings,
metrics, and norms

A.1 A nice inequality

Let a be a positive real number, with a < 1. If » and ¢ are nonnegative real
numbers, then it is well known that

(A.1.1) (r+1)* < r® + ¢

To see this, observe first that

(A.1.2) max(r, t) < (r® + %)Y/,

Using this, we get that

(A.1.3) r+t < max(r,t) = (r* +19) < (r® + ) ((A-0/a)+1 — (pa 4 yayl/a

This is equivalent to (A.1.1).
Let (X, d(z,y)) be a metric space. If 0 < a < 1, then it is easy to see that

(A.1.4) d(z, y)*

is a metric on X as well, using (A.1.1). This was mentioned in Section 1.1 when
a=1/2.

Let us use Bgy(z,7), Ba(w,7) to denote the open and closed balls in X cen-
tered at € X with radius r with respect to d(-,-), respectively, as in Section

1.9, and Bga(x,r), Bga(z,r) for the open and closed balls in X centered at z
with radius r with respect to d(-,-)?, respectively. Observe that

(A.1.5) Bga(z,7%) = By(z,7)
for every r > 0, and that

(A.1.6) Be(z,7") = Ba(z,7)

240
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for every r > 0.

It is easy to see that the identity mapping on X is uniformly continuous as
a mapping from X equipped with d(-,-) into X equipped with d(-,-)*. Simi-
larly, the identity mapping on X is uniformly continuous as a mapping from X
equipped with d(-,-)® into X equipped with d(-,-). These statements were also
mentioned in Section 1.1 when a = 1/2.

If @ > 1, then one can verify that
(A.1.7) |z — y|®

is not a metric on the real line. This corresponds to the first part of Exercise
11 at the end of Chapter 2 in [155] when a = 2.

A.2 Some more Lipschitz conditions

Let (X,dx) and (Y, dy) be metric spaces, and let « be a positive real number.
A mapping f from X into Y is said to be Lipschitz of order « if there is a
nonnegative real number C such that

(A.2.1) dy (f(2), f(w)) < Cdx (z,w)"

for every x,w € X. This is the same as a Lipschitz mapping as in Section 1.1
when @ = 1. One may also say that f is Hélder continuous of order « in this
case.

Lipschitz mappings of any order are uniformly continuous, as before. Of
course, (A.2.1) holds with C' = 0 if and only if f is constant on X.

Let a be a positive real number, and suppose that

(A.2.2) dx(z,w)® is a metric on X.

This holds automatically when a < 1, as in the previous section. Note that
(A.2.1) is the same as saying that

(A.2.3) dy (f(2), f(w)) < C (dx (z,w)*)*/

for every x,y € X. This means that

(A.2.4) f is Lipschitz of order @ with respect to dx on X

if and only if

(A.2.5)  f is Lipschitz of order a/a with respect to dx(-,-)* on X,

and with the same constant C'.
Similarly, let b be a positive real number, and suppose that

(A.2.6) dy (-,-)? is a metric on Y.
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Clearly (A.2.1) is the same as saying that

(A2.7) dy (F(2), f(@))? < C d(, )"

for every z,y € X. Thus

(A.2.8) f is Lipschitz of order « with constant C' with respect to dy on Y
if and only if

(A.2.9) f is Lipschitz of order a'b with constant C°
with respect to dy (-,-)? on Y.

Suppose that X = Y = R, with the standard Euclidean metric. If f is
Lipschitz of order o > 1, then

(A.2.10) f is constant on R.

More precisely, it is easy to see that the derivative of f is equal to 0 at every
point in R under these conditions.

A.3 Another nice inequality

Let X be a nonempty set, and let f be a real or complex-valued function on X
with finite support, as in Section 1.6. If p is a positive real number, then put

(A31) 171 = (X 1) "

zeX

This is the same as in Section 1.6 when p =1 or 2. If X = {1,...,n} for some
positive integer n, then this corresponds to an analogous expression in Section
1.4. We also put

(4.3.2) £l = max| ()],
as before.
Observe that

(A.3.3) [ fllso < Lf1lp-

If 0 < p1 < py < o0, then we would like to check that

(A.3.4) [ £llps < Lf1lpr-

Clearly

(A35) [IfI122 =D [F@)P <1277 D @) = 112" I fIB
rzeX rzeX

This implies that
(A.3.6) £l < 7122,
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because of (A.3.3). It follows that (A.3.4) holds, as desired.

It is easy to see that (A.1.1) follows from (A.3.4), with p; = a, p» = 1, and
where X has two elements.

Observe that

(A.3.7) I£llp < (#supp )7 )| flloos

where # supp f is the number of elements in the support of f. One can use this
and (A.3.3) to get that

(A.3.8) £l = [[flloc as p — o0

Of course, ||f|l, =0 if and only if f =0 on X, and

(A.3.9) 1t fllp = Te[1f 1l

for every t € R or C, as appropriate. If g is another real or complex-valued
function on X with finite support and 0 < p < 1, then

D@ +g@)P < Y (@) + lg@)])?

reX zeX

(A.3.10) < D (@ +lg@)P) =Y If @)+ Y lg@)

zeX zeX reX
= SIZ + llgllp,

I+ gll;

using (A.1.1) in the third step, with a = p. This implies that

(A.3.11) If = gllb

defines a metric on coo(X,R) and cgo(X, C) when 0 < p < 1.

A.4 Some functions on |0, 1]

Let j be a positive integer, and let f; be the real-valued function defined on
[0,1] by

(A.4.1) filx) = 2jz when 0 <z <1/(27)
= 2—-2jz whenl/(2j)<z<1/j
0 when 1/j < < 1.
Thus
(A4.2) f3(0) =0, f;(1/(27)) =1, and f(1/5) =0,

with the overlapping definitions of f;(x) agreeing at x = 1/(24),1/j. Equiv-
alently, f; is defined to be linear on [0,1/(2j)] and [1/(2j),1/4], with these
values at the endpoints. Note that f; is continuous on [0,1]. One can check
that

(A.4.3) {f}521 converges to 0 pointwise on [0, 1],



244APPENDIX A. SOME MORE ON MAPPINGS, METRICS, AND NORMS

and not uniformly.

In fact,
(Ad4) 1o = 1
for every j, where || - ||o is the supremum norm on C([0,1],R), as before.

Observe that

1 1/(23)

(A45) Wil = [ Hode=2 [ ) ds =25 0/29)° = 1/(23)

0 0
for every j, where || - ||; is as in (1.15.4). More precisely,
(A.46) fi(@) = £5((1/7) — ) when0 <z < 1/j,
which is to say that f;(x) is symmetric about = 1/(2j) on [0,1/j]. This
implies that the integrals of f;(z) over [0,1/(2 )] and [1/(27),1/j] are the same.
Of course, (A.4.5) is the same as the area of the triangle determined by the graph

of f; on [0,1/4].
Similarly,

1/(24)
S\ 2 X
2 / fi(x)2d
= (2/3) (25 (1/(2)) = 1/(3)

for every j, where || - |2 is as in (1.15.6). This uses (A.4.6) in the second step, to
get that the integrals of f;(x)? over [0,1/(24)] and [1/(27),1/j] are the same.
It follows that
(A.4.8) 1£illa = 1/(35)"/?
for each j.

If @ € R, then one can verify that

1
(AAT)  |f]2 = / f3()? da

(A.4.9) {37 f;}521 converges to 0 pointwise on [0, 1].
Note that
(A.4.10) 177 filloo =57

for every j, by (A.4.4). This implies that {j ¢ Ji}521 is bounded with respect
to the supremum metric exactly when o > 0, and that {fi}52, converges to 0
with respect to the supremum metric exactly when o > 0.

Similarly,
(A411) 1572 fll = (1/2) 571
for every j, by (A.4.5). This means that {j~¢ f;}52, is bounded with respect
to the metric d; on C([0, 1], R) associated to || - ||1 as in (1.15.10) exactly when
a > —1, and that {j7 f;}32; converges to 0 with respect to d; exactly when
a > —1. We also have that

(A4.12) 177 filla = (1/\/5) —(1/2)—o

for every j, by (A.4.8). It follows that {j~¢ f;}32, is bounded with respect to
the metric d2 on C([0,1],R) associated to || - ||z as in (1.15.11) if and only if
a > —1/2, and that {j~“ f;}32, converges to 0 with respect to dy if and only
if a > —1/2.
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A.5 Some Cauchy sequences

Let j be a positive integer, and let f; be the real-valued function defined on
[0,1] by

filz) = 0 when 0 <2 <1/2-1/(2j)
(A5.1) = 2j(z—(1/2—-1/(24))) when1/2 —1/(2j) <z < 1/2
= 1 when 1/2 <z < 1.

The second case says that f; is linear in that range, with the same values at
the endpoints as in the other two cases. In particular, f; is continuous on [0, 1]
for each j. It is easy to see that {f;}52; converges pointwise on [0,1] to the
real-valued function f defined on [0, 1] by

(A.5.2) f(z) = 0 when0<z<1/2

1 when 1/2 <z <1.
Note that {f;}72; does not converge to f uniformly on [0, 1].

However, one can check that {f;}?2, is a Cauchy sequence in C([0, 1], R)
with respect to the metric d; defined in (1.15.10). Basically, {f;}32, converges
to f with respect to a metric like d; on a larger space. Similarly, one can verify
that {f;}52, is a Cauchy sequence in C([0, 1], R) with respect to the metric d»
defined in (1.15.11).

Let j be a positive integer again, and let f; be the real-valued function
defined on [0, 1] by
(A.53) fi(@) = min(1/v, ),
where the right side is interpreted as being equal to 7 when x = 0. Note that
f; is continuous on [0, 1] for each j. One can check that {f;}32; is a Cauchy
sequence in C([0, 1], R) with respect to d;. However, {f;}32; is not bounded as
a sequence in C([0,1], R) with respect to ds.

Now let f be a real or complex-valued function on X = Z, . If j is a positive

integer, then let f; be the real or complex-valued function, as appropriate,
defined on Z4 by

(A.5.4) i) = f(I) whenl<j
0 when [ > j.

Clearly {f;}52, converges to f pointwise on Z. If

(A.5.5) lim (1) =0,

then {f; 524 converges to f uniformly on Z.
By construction, the support of f; has only finitely many elements for each
j. Suppose for the moment that

(A.5.6) S0
=1
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converges as an infinite series of nonnegative real numbers. In this case, one
can check that {f;}52, is a Cauchy sequence in coo(Z4,R) or coo(Zy,C), as
appropriate, with respect to the metric dy (-, ) defined in Section 1.6. Similarly,
suppose instead that

(A5.7) S Ira)P
=1

converges as an infinite series of nonnegative real numbers. One can verify that
{fi}52 is a Cauchy sequence in coo(Z+, R) or coo(Z+, C), as appropriate, with
respect to the metric da(-, ) defined in Section 1.6 in this situation.

A.6 Norms and convexity

If the reader is familiar with the abstract notion of a vector space, then let V'
be a vector space over the real numbers. Otherwise, one can consider particular
situations like V' = R™ for some positive integer n, or a vector space of real-
valued functions on a nonempty set. As usual, a subset E of V is said to be
convez if for every v,w € F and t € R with 0 < ¢ <1 we have that

(A.6.1) to+(1—t)we E.

Let N be a nonnegative real-valued function on V' such that
(A.6.2) N(tv) = [t| N(v)
for every t € R and v € V. If N also satisfies the triangle inequality
(A.6.3) N+ w) < N(v) + N(w)

for every v,w € V, then N is said to be a seminorm on V. Thus a norm on V
is the same as a seminorm N such that N(v) > 0 for every v € V with v # 0.
Put

(A.6.4) By={veV:N(@) <1},

which is the closed unit ball in V' with respect to N. If N is a seminorm on
V, then it is easy to see that By is a convex subset of V. Conversely, if N is
a nonnegative real-valued function on V that satisfies (A.6.2), and if By is a
convex set in V, then N satisfies (A.6.3), and hence is a seminorm on V. This
is not too difficult to show, directly from the definitions.

Let X be a nonempty set, and let coo(X,R) be the space of real-valued
functions on X with finite support, as in Section 1.6. If f € coo(X,R) and p
is a positive real number, then | f||, may be defined as in Section A.3. This
satisfies the first two conditions in the definition of a norm on cyo(X,R), as
before. If p > 1, then one can show that the corresponding closed unit ball

(A.6.5) By ={f €coo(X,R): | fllp <1}
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is a convex set in coo(X,R). More precisely, (A.6.5) is the same as taking

(a66)  By={fcaXR): 1A= X 1Sl <1},

zeX

One can show that this is a convex subset of ¢go(X,R) when p > 1, using the
convexity of r? for r > 0 when p > 1. This implies that || f||, defines a norm
on coo(X,R) when p > 1, as in the preceding paragraph. If 0 < p < 1, then
(A.6.5) is not convex in coo(X, R) when X has at least two elements.

A vector space over the complex numbers may be considered as a vector space
over the real numbers as well, to which the earlier remarks about convexity can
be applied. In particular, there are analogues of the statements in the preceding
paragraph for the space cgo(X, C) of complex-valued functions on X with finite
support.

Let n be a positive integer, and let NV be a seminorm on R™. The closed
unit ball By in R” with respect to N is convex, as before, as is the open unit
ball
(A.6.7) By ={veR":N(v) <1}.

Note that By and By are also symmetric about the origin, which is to say
that they are invariant under the mapping v — —v on R™. One can show that
N is continuous as a real-valued function on R™, and in fact it is Lipschitz
with respect to the standard Euclidean metric on R, as in Section 6.7. This
implies that By is an open set, and By is a closed set, with respect to the
standard Euclidean metric on R™. If N is a norm on R"™, then the standard
Euclidean norm on R”™ is bounded by a constant multiple of N, as in Section
6.7. It follows that By and By are bounded sets with respect to the standard
Euclidean metric on R™ in this case.

A.7 Path-connected sets

Let (X,dx) be a metric space, and let a, b be real numbers with a < b. Suppose
that

(A.7.1) pis a continuous mapping from the closed interval [a,b] into X

with respect to the restriction of the standard Euclidean metric on R to [a, ].
Under these conditions, one can check that

(A.7.2) p([a, b)) is a connected subset of X.

More precisely, it is well known that [a, b] is a connected subset of the real
line, with respect to the standard metric. This implies that [a,b] is connected
as a subset of itself, with respect to the restriction of the standard metric on R
to [a,b], as in Section 8.12. It follows that (A.7.2) holds, because of the well-
known theorem that continuous mappings send connected sets to connected
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sets. Alternatively, one can extend p to a continuous mapping from R into X,
by putting p(t) = p(a) when t < a, and p(t) = p(b) when ¢ > b.

A subset E of X is said to be path connected if for every pair of points
z,w € F there are real numbers a, b with ¢ < b and a continuous mapping p
from [a, b] into X such that p(a) = z, p(b) = w, and

(A.7.3) p([a,b]) C E.
It is well known and not too difficult to show that
(A.7.4) path-connected sets are connected,

using (A.7.2).
If F is a convex set in R™ for some positive integer n, then

(A.7.5) E is path connected,

with respect to the standard Euclidean metric on R™. Note that connected
subsets of R are convex.
If U is a connected open set in R"™, then it is well known that

(A.7.6) U is path connected.

To see this, let x € U be given, and let U, be the set of w € U for which there
is a continuous path in U from z to w, as before. One can check that

(A.7.7) U, is an open set in R".
Similarly, one can verify that

(A.7.8) U\ U, is an open set in R".
If U is connected, then it follows that

(A.7.9) U, ="U.

It is well known that there are connected subsets of R? that are not path
connected.

If E is a connected set in any metric space X, then it is well known and not
too difficult to show that

(A.7.10) E is connected in X

too. However, there are path-connected subsets of R? whose closures are not
path connected.

Let (Y, dy) be another metric space, and let f be a continuous mapping from
X into Y. If F is a path-connected subset of X, then it is easy to see that

(A.7.11) f(E) is path connected in Y.
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