CM 321A REAL ANALYSIS II
Yu. Safarov

1. METRICS AND NORMS

Definition 1.1. Let X be a non-empty set. A function p: X x X — R is called a
metric on X if it satisfies

(1) p(z,y) >0if x # y and p(z,z) =0,
(2) p(z,y) = ply, x),
(3) p(x,2) < p(x,y) + p(y; 2),

where z,y and z are arbitrary elements of X.
Example 1.2. R or C with the usual (Euclidean) metric p(z,y) = |z — y|.
Example 1.3. R” or C" with the Euclidean metric

" 1/2
p(z,y) = <Z |lz; — yz‘\2> )
i=1

where x; and y; are coordinates of the points x and y respectively.

Example 1.4. R" with the metric
p(z,y) = |z1 —yi| + |22 — ya| + - + 20 — ynl.

Example 1.5. Cla,b], the set of all continuous (real or complex-valued) functions
on [a,b], with the metric

p(f,g9) = sup |f(x)—g(z)|. (1.1)

z€[a,b]

Example 1.6. B(S), the set of all bounded (real or complex-valued) functions on
a set S, with the metric

p(f,g9) =sup|f(x) — g(z)]. (1.2)

zeS

Note that (1.2) turns into (1.1) if S = [a,b]. In other words, if S = [a,b] then
(1.1) and (1.2) define the same metric. However, the space C|a, b] is strictly smaller
than Bla,b] (every continuous function on [a, b] is bounded but there are bounded
functions which are not continuous).

Example 1.7 (discrete metric). For any set X, define the metric p by

{p(:v,y)zl, if z #y,
p(z,x) =0.
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Definition 1.8. We call the pair (X, p) a metric space if X is a non-empty set and
p is a metric on X.

Definition 1.9. If (X, p) is a metric space and A C X then p is also a metric on
A. The metric space (A, p) is called a subspace of (X, p).

Example 1.10. A continuous function on a bounded closed interval is always
bounded. Therefore C[a, b] is a subspace of B[a,b] whenever —oo < a < b < +o0.

If the X is a linear space, it is often possible to express the metric p in terms
of a function of one variable that can be thought of as the length of each element
(i.e., its distance from 0).

Definition 1.11. Let X be a vector space over R (or over C). A function
| -] : X — R is called a norm on X if it satisfies

(1) ||z|| > 0if x # 0 and ||0|| =0,

(2) |[Ax|| = |\|||z|| for all z € X and A € R (or A € C),

3) Mz +yll < llzll + llyl| for all 2,y € X.

A linear space with a norm is called a normed space.

Given a norm on X, the function p(x,y) = ||z — y|| is a metric on X (one can
easily check that each property of the norm || - || implies the corresponding property
of the metric p(x,y) = ||z — y||). However, not every metric arises in this way;

one can have a metric d on a vector space X such that d(x,0) does not have the
properties of a norm.

Example 1.12. In Examples 1.2, 1.3 and 1.4 the metrics are generated by the
norms [l = [z, [l2l] = (S0, |:[2)1/2 and [l = S0, Je| respectively.

Example 1.13. The metrics (1.1) and (1.2) are generated by the norms

Ifll = sup [f(z)] and  |f]| = ilells)lf(x)l-

z€[a,b]

2. CONVERGENCE

Definition 2.1. A sequence x, of elements of a metric space (X,p) is said to
converge to x € X if for any € > 0 there exists an integer n. such that p(x,,z) < ¢
for all n > n..

Lemma 2.2 (another definition of convergence). z,, — z in (X, p) if and
only if p(x,,x) — 0 in R

Proof. By definition, the sequence of non-negative numbers p(z,,x) converges to
zero if and only if for any € > 0 there exists an integer n. such that p(x,,z) < ¢
foralln >n.. O

Lemma 2.3. If r, are non-negative numbers such that v, — 0 in R' and
p(zy, z) < 1y for all (sufficiently large) n then z, — x in (X, p).

Proof. By definition, the sequence of real numbers r,, converges to zero if and only
if for any € > 0 there exists an integer n. such that r, < € for all n > n.. Then
p(xn, ) <1y < € for all n > n. which means that p(z,,z) — 0. O
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Definition 2.4. We say that the metrics p; and ps defined on the same set X are
equivalent if

an, — ain (X, p;) if and only if «,, — ain (X, p2).

One can easily check the metric introduced in Example 1.4 is equivalent to the
Euclidean metric (Example 1.3), whereas the discrete metric (Example 1.7) on
X = R? is not.

Definition 2.5. Convergence in the metric space B(.S) (or any subspace of B(S))
is called uniform convergence on S.

Lemma 2.6 (another definition of uniform convergence). Let f, be a se-
quence in B(S) and f € B(S). Then f, — f in B(S) if and only if for any e > 0
there exists an integer ne such that |f(x) — fo(x)| < € for alln > n. and all z € S.

Proof. f, — fin B(S) if and only if p(f, fn) = sup,eg |f(z) — fn(z)] — 0 (Lemma
2.2). By definition, the sequence of real numbers sup, g |f(z) — fn(x)| converges
to zero if and only if for any € > 0 there exists an integer n. such that

sup |f(z) — fu(z)| < €, Vn > n. .
T€eS

Therefore we only have to prove that sup,cg|f(z) — fu(z)| < € if and only if
|f(z) — fu(z)| <eforallxeS.
If sup,cg |f(z) — fn(z)| < € then, obviously,

|f(z) = fu(x)| <sup|f(x) — fu(z)] < e, for all x € S.
xeS

Assume now that |f(z) — fn(z)] < e for all x € S. By definition, the supremum
coincides with the least upper bound. Therefore for any 6 > 0 there exists a point
xs € S such that

Sup |£(w) = fu(@)] < O+ |f(ws) = ful(zs)l S 0+

Since 0 can be chosen arbitrarily small, this implies that sup,cg |f(x) — fn(2)| <
e. U

Remark 2.7. A sequence of functions f,, € B(S) converges to f € B(S) pointwise
if for any = € S and € > 0 there exists an integer n. , such that |f(z) — fn(x)| <€
for all n > n. ;. In this definition the integer n., may depend on z. If for any
¢ the set {n.;}ses is bounded from above, that is n., < n. for all x € S, then
frn — f uniformly.

3. OPEN SETS AND CLOSED SETS

1. Open and closed balls. Let (X, p) be a metric space and r be a strictly
positive number.
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Definition 3.1. If o € X then the set

B.(a) = {z € X :p(x,a) <r}
is called the open ball and the set

B.la] = {x € X :p(x,a) <71}
is called the closed ball centre « radius 7.

If there is a need to emphasize the metric, we write B?(a) and Bf[a]. Clearly,
a € B,_.(a) C By(a) C B.la] C Brye(a), Vr>e>0. (3.1)

Definition 3.2. A set A C X is said to be a neighbourhood of a € X if A contains
an open ball B, («a).

In view of (3.1) the balls B,(«) and B,[a] are neighbourhoods of the point a.
Now we can rephrase Definition 2.1 as follows.

Definition 2.1°. A sequence z, in a metric space converges to x if for any ball
B, (z) (or any neighbourhood A of z) there exists an integer n’ such that for all
n > n' we have z, € B,(z) (or z, € A).

Theorem 3.3. Two metrics p and o on the same set X are equivalent if and only
if every open ball Bf(x) contains an open ball BZ(x) and every open ball B (x)
contains an open ball BF(x).

Proof. If every open ball Bf(z) contains an open ball B?(x) and z,, = z then for
any r > 0 we can choose s > 0 and n, such that

xn, € B () C Bf(z), Vn > ng.

This implies that z, - x. Therefore if every ball with respect to one metric
contains a ball with respect to another metric then convergence in one metric implies
convergence in another metric, that is, the metrics are equivalent.

Assume now that the metrics are equivalent but there exists a ball Bf(z) which
does not contain BY(x) for all positive s. Let us choose a sequence s, — 0 and let
z, € B? (z) and z, & Bf(z). Then z, = z. However, the sequence z,, does not
converge to x in the metric p because xz,, € Bf(z) for all n. Therefore the metrics
p and o are not equivalent, and we obtain a contradiction. [

By Theorem 3.3, if A is a neighbourhood of z in (X, p) then it is a neighbourhood
of x with respect to every metric which is equivalent to p.

2. Open sets.

Definition 3.4. A set is open if if it contains a ball about each of its points.
(Equivalently, a set is open it contains a neighbourhood of each of its points.)

Lemma 3.5. An open ball in a metric space (X, p) is open.

Proof. If x € B,.(a) then p(x,a) = r —e where € > 0. If y € B.(z) then p(z,y) < ¢
and, by the triangle inequality,

p(y, @) < p(z,a) + ply,z) <r—et+e=r.
This implies that y € B, («) for all y € B.(x), that is, B(z) C B, («). O
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Theorem 3.6. If (X, p) is a metric space then

(1) the whole space X and the empty set & are both open,
(2) the union of any collection of open subsets of X is open,
(3) the intersection of any finite collection of open subsets of X is open.

Proof.

(1) The whole space is open because it contains all open balls and the empty set
is open because it does not contain any points.

(2) If = belongs to the union of open sets A, then z belongs to at least one of
the sets A,. Since this set is open, it also contains an open ball about z. This ball
lies in the union of A,, so the union is an open set.

(3) If Ay, As, ..., Ar are open sets and z € NF_, A, then x € A, for every
n=1,...,k. Since A,, are open, for each n there exists r, such that B, (z) C A,.
Let » = min{ry,ro,... ,7x}. Then, in view of (3.1), B,(z) C B,, (z) C A,, for all
n=1,...,k so B.(z) C (Nf_,4,). O

An infinite intersection of open sets is not necessarily open.

Example 3.7. Let A,, be the open intervals (—1/n,1/n) in R. Then A,, are open
sets but the intersection NS, A,, = {0} is not open.

Lemma 3.8. A set is open if and only if it coincides with the union of a collection
of open balls.

Proof. According to Theorem 3.6 the union of any collection of open balls is open.
On the other hand, if A is open then for every point z € A there exists a ball B(x)
about x lying in A. We have A = UzcaB(z). Indeed, the union U,c4B(z) is a
subset of A because every ball B(z) is a subset of A, and the union contains every
point € A because x € B(z). O

Definition 3.9. A point x € A is said to be an interior point of the set A if there
exists an open ball B, (z) lying in A. The interior of a set A is the union of all open
sets contained in A, that is, the maximal open set contained in A. The interior of
A is denoted by int(A).

Clearly, the interior of A coincides with set of interior points of A. Indeed,
if z is an interior point then there exists an open ball B,.(z) lying in A. This
ball is an open set lying in A and therefore is a subset of the maximal open set
int(A) C A. Conversely, if x € int(A) then (since int(A) is open) there exists a
ball B, (z) C int(A) C A, so x is an interior point of A.

3. Closed sets.

Definition 3.10. A point x € X is called a limit point of a set A if every ball
about x contains a point of A distinct from x. Other terms for “limit point” are
point of accumulation or cluster point. The set of limit points of A is denoted A’.

Lemma 3.11. A point x is a limit point of a set A if and only if there is a sequence
T, of elements of A distinct from x which converges to x.

Proof. If x,, — x then every ball about x contains a point z,, (see Definition 2.17). If
every ball about x contains a point of A distinct from x then there exists a sequence
of points x,, € A distinct from x and lying in the balls B;/,(z). Obviously, this
sequence converges to x. [J



6 CM 321A REAL ANALYSIS II

Definition 3.12. A set is closed if it contains all its limit points.

Lemma 3.13 (another definition of closed sets). A set A is closed if and only
if the limit of any convergent sequence of elements of A lies in A.

Proof. If a sequence of elements of A has a limit then either this limit coincides
with one of the elements of the sequence (and then it lies in A) or it is a limit
point of A. Therefore a closed set A contains the limits of all convergent sequences
{zn} CA.

Conversely, every limit point is a limit of some sequence {z,,} C A. Therefore
A contains all its limit points, provided that the limit of any convergent sequence
of elements of A lies in A. [J

Lemma 3.14. A closed ball in a metric space (X, p) is closed.

Proof. Let z,, be a convergent subsequence lying in the closed ball B,.[a] and = be
its limit. Then, by the triangle inequality,

p(x, ) < p(xy,a) + plx,zn) <7+ p(T,20) , n.

Since x, — x, we can make p(x,x,) arbitrarily small by choosing large n. This
implies that p(z,a) < r, that is, z € B,[a]. O

Definition 3.15. If A C X then C(A) denotes the complement of the set A in X,
that is, the set of all points x € X which do not belong to A.

Theorem 3.16. If A is open then C(A) is closed. If A is closed then C(A) is open.

Proof. If A is open then for every point of A there exists a ball about this point
lying in A. Clearly, such a ball does not contain any points from C(A). This means
that every point of A is not a limit point of C(A), that is, C(A) contains all its limit
points.

If A is closed then it contains all its limit points, so any point x € C(A) is not a
limit point of A. This means that there exists a ball B,.(z) which lies in C(A), that
is, C(A) is open. [

Theorem 3.17. In a metric space (X, p)

(1) the whole space X and the empty set & are both closed,
(2) the intersection of any collection of closed sets is closed,
(3) the union of any finite collection of closed sets is closed.

Proof. The theorem follows from Theorems 3.6, Theorem 3.16 and the following
elementary results.

(1) C(X) = @ and C(@) = X (obvious).

(2) The complement of the intersection of sets A, coincides with the union of the
complements C(A,). Indeed, x € C((, 4,) & = &), A, & {z & A, for some v}
< {x € C(A,) for some v} <z e, C(A4)).

(3) The complement of the union of sets A, coincides with the intersection of the
complements C(A;). Indeed, x € C(U, Av) © ¢ U, A, & {x ¢ A, for all v}
s{reClA) forallv} < ze(), C(4,). O

Definition 3.18. The closure of a set A is the intersection of all closed sets con-

taining A, that is, the minimal closed set containing A. The closure is denoted by
cl(A) or A.
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Theorem 3.19. A= AUA’.

Proof. Let © € C(AU A’) be an arbitrary point. Then x ¢ A’. Therefore there
exists a ball B,.(xz) which does not contain elements of A distinct from x (Definition
3.10). Since x ¢ A, this implies that B,.(x) C C(A). By Lemma 3.5, for every point
y € By(x) there exists a ball B.(y) C B,(x) C C(A), that is, a point y € B,(x)
cannot be a limit point of A. Therefore B, (z) C C(AU A’). Thus, for every point
x € C(AU A") we can find a ball B,(x) C C(AU A’). This means that the set
C(AU A’) is open. Now, by Theorem 3.16, the set AU A’ is closed.

It remains to prove that AU A’ is the minimal closed set which contains A. Let
ACK C AUA and K # AUA’. Then K does not contain at least one point of A’.
By Lemma 3.11, there exists a sequence of elements x,, € A C K which converges
to this point. Therefore, in view of Lemma 3.13, the set K is not closed. [J

Corollary 3.20. = € A if and only if there exists a sequence {x,} C A which
converges to x.

Proof. If x € A then either x € A or x € A’ (Theorem 3.19). In the first case the
sequence {x,z,...} C A converges to x, in the second case a sequence {x,} — =
exists according to Lemma 3.11.

Conversely, assume that there exists a sequence {x,,} C A which converges to z.

If z,, =  for some n then z € A. If x,, are distinct from x then, by Lemma 3.11,
x € A’. Therefore r€¢ A=AUA’. O

Example 3.21. Let (X, p) be a metric space with the discrete metric

(2.9) {1, if © # v,
x? - .
PRy 0, if x = y.
Then
a, if r <1, a, if r <1,
B, [a] = . B, (a) = .
X, ifr>1. X, ifr>1,

Since the open ball is open, this implies that any point is an open set. Since any
set coincides with the union of its elements, Theorem 3.6 implies that any subset
of X is open. Therefore, by Theorem 3.16, any subset of X is closed.

The closure of the open ball B,.(a) does not necessarily coincide with the closed
ball B, [a]. In particular, in the Example 3.21 Bi(a) = Bi(a) = a (since Bj(a) is
closed) but B;[a] = X.

Theorem 3.22. In a normed linear space B,(a) = B.[a].

Proof. Let x be a limit point of B,(«). Then, by Lemma 3.11, there exists a
sequence of elements x,, € B,(«) which converges to z. By the triangle inequality

lov = zll < flev =zl + [Jan — 2] < 7+ 2, — 2

for all n. Since ||z, — x|| can be made arbitrarily small by choosing large n, we see
that || — z|| < r. This implies that = € B,.[a]. Therefore, in view of (3.1),

B,(a) = B,(a) U (B.())" C By[a].
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It remains to prove that

B/[a] € By(a) = By(a)U(B.(a)) . (3.2)

Assume that = € B,[a], that is, p(a, ) < 7. If p(a, z) < r then z € B, (a) C B, («).
If p(o, x) = r then we define z, =z +n"'(a—z),n=1,2,... We have

p(xn, @) = [z, —al| = |z — a+n~" (o —2)||
=(1-nYHz—a|=01-n"Yr<r (3.3)

and

1

p(an, @) = |zn—al| = [n (a—2)| =n7Hz—a =n~"r -0, n—oo. (3.4)

The inequality (3.3) implies that x,, € B,(«) for all n, and (3.4) implies that
xn — x. Therefore x is a limit point of the set B,(«a), so x € (Br(a))/ C By(a)
and (3.2) follows. [

4. CONTINUITY

Definition 4.1. Let (X,p) and (Y,d) be metric spaces. A map T : X — Y is
said to be continuous at o € X if for any € > 0 there exists § > 0 such that
d(Tz,Ta) < € whenever p(x,a) < 6. The map T is said to be continuous if it is
continuous at every point a € X.

If T is a function on R™, that is, a map from R" to R or to C, then the above
definition coincides with the usual definition of continuity.

Theorem 4.2 (sequential characterisation of continuity). The map T :
(X,p) — (Y,d) is continuous at o € X if and only if for every sequence x,, con-
verging to o in (X, p), the sequence Tx,, converges to Ta in (Y, d).

Proof. Assume that T is continuous and that z,, — « in (X, p). In order to prove
that Tx,, — T'a in (Y, d) we have to show that for every € > 0 there exists n. such
that

d(Tz,,Ta) < e, Vn > n. . (4.1)

Since T is continuous, given £ > 0 we can find § > 0 such that p(z,,«) < § implies
d(Tx,,Ta) < €. Since the sequence x,, converges to « in (X, p), for this ¢ there
exists ns such that p(z,,a) < 6 for all n > ns. Obviously, (4.1) holds true for
Ne = ng.

Now assume that for every sequence z,, converging to « in (X, p), the sequence
Tz, converges to Tav in (Y, d). If T is not continuous then there exists 9 > 0 such
that for any § > 0 we can find x € X for which p(z,a) < § and d(Tz, Ta) > €g. Let
xn, € X be such that p(x,,a) < 1/n and d(Tz,,Ta) > &y. Then z,, — a in (X, p)
but T'z,, does not converge to T« in (Y, d), and we obtain a contradiction. [J

Theorem 4.3. If the map Ty : (X, p) — (Y,d) is continuous at o and the map
Ty : (Y,d) — (Z,0) is continuous at Tha then 15Ty : (X, p) — (Z,0) is continuous
at a.

Proof. Let x, be an arbitrary sequence converging to « in (X, p). Then, since
Ty is continuous, Tz, — Tia in (Y,d) and, since T, is continuous, 15Tz, =
Ty (Thzy,) — T (1) in (Z,0). In view of Theorem 4.2 this means that 7577 is
continuous. [
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Lemma 4.4. If (X,p) is a metric space and xo € X is a fived element then
T:x — p(x,xg) is a continuous map from (X, p) to R.

Proof. By the triangle inequality

[Ten —Tal = |p(xn, z0) = pla, mo)| < p(zn, ).

This implies that T'z,, — T'a whenever z,, — «. [

Definition 4.5 (direct products). Given metric spaces (X, p) and (Y,d), a met-
ric o can be defined on the direct product X x Y by

o (@191 (w2,32)) = \/ (pler,22))” + (dAlyr,92))

The metric space (X x Y, o) is said to be the direct product of the metric spaces
(X, p) and (Y, d).

Using the above definition for X =Y = R makes R x R the same as R? with the
Euclidean metric. There are many other metrics that may be defined on X xY’; in
particular,

o ((z1,91), (22,92)) = p(z1,22) + d(y1, 42)

is also a metric.
Note that continuity of a function of two variables with this metric is not the
the same as continuity in each variable separately.

Example 4.6. The real-valued function

(zy)/(2® +y?), ifa®+y* £0,
f(z,y) = .

0, ifr=y=0.
defined on R? = R x R is continuous at the origin in each variable separately but
is not continuous as a function of two variables.

Definition 4.7. Given amap T : X — Y and a subset A C Y, the set {z € X :
Tx € A} is denoted T~ 1(A) and called the inverse image of A.

Note that T~1(A) is a well-defined set irrespective of whether T has any inverse.
Now Definition 4.1 can be rephrased as follows.

Definition 4.1’. Let (X, p) and (Y, d) be metric spaces. A map T : X — Y is said
to be continuous at o € X if for any open ball B.(T'«) about T« there exists a ball
Bs(a) about « such that Bs(a) C T~ (B.(Ta)).

Theorem 4.8 (inverse image characterization of continuity). Let (X, p) and
(Y, o) be metric space and T : X — Y be a map from X toY. Then the following
statements are equivalent:

(1) T is continuous,
(2) the inverse image of every open subset of Y is an open subset of X,
(3) the inverse image of every closed subset of Y is a closed subset of X .
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Proof. The inverse image of the complement of a set A coincides with the com-
plement of the inverse image T~ !(A). Therefore Theorem 3.16 implies that (2) is
equivalent to (3). Let us prove that (2) is equivalent to (1).

Assume first that 7' is continuous. Let A be an open subset of Y and x €
T~(A) C X. Since A is open, there exists a ball B.(Tz) about the point Tz such
that B.(T'z) C A. Since T is continuous, there exists a ball Bs(xz) about z such
that Bs(z) € T-Y(B-(Tz)) € T~'(A) (Definition 4.1"). Therefore for every point
x € T71(A) there exists a ball Bs(z) lying in T-1(A), which means that T—1(A)
is open.

Assume now that the inverse image of any open set is open. Let x € X and
B.(Tz) is a ball about Tz € Y. The inverse image T~ !(B.(Tx)) is an open set
which contains the point x. Therefore there exists a ball Bs(x) about x such that
Bs(z) € T~Y(B.(Tx)). This implies that T is continuous (Definition 4.1’). O

Let X and Y be linear spaces and T': X — Y. Recall that T is called a linear
map if T'(z+y) =Tx+Ty and T(A\x) = \XTx for all z,y € X and A € R (or A € C).
In particular, if 7" is linear then 70 = 0

Definition 4.9. Let X, Y be normed linear spaces and || - ||x, || - ||y be the
corresponding norms. A linear map 7' : X — Y is said to be bounded if there
exists a positive constant C' such that ||Tz||y < C||z|x for all x € X.

Theorem 4.10. Let X and Y be normed linear spaces and T : X — 'Y be a linear
map. Then T is continuous if and only if it is bounded.

Proof. Let p(x1,x2) = ||x1 — x2||x and d(y1,y2) = ||y1 — y2||y be the metrics on X
and Y generated by the norms || - ||x and || - ||y -

Assume first that T is bounded, that is, ||Tz|y < C||z| x. Let « € X and € > 0.
Take § = C~'e. Then, for all z € X satisfying p(z,a) = ||z — a||x < J, we have

d(Tx,Ta)=|Tx—Tal|y =||T(z — a)|ly < C|lzr —a|x <e.

This implies that T" is continuous.
Assume now that T is continuous. Then T is continuous at 0, and therefore
there exists 6 > 0 such that

d(0,Tzg) = || Txo|ly <1 whenever p(0,z9) = |xolx <0. (4.2)

If x € X, let us denote ¢ = d||z|x" and 29 = cz. Then |zo|x = §. Since T is a
linear map, (4.2) implies

ITx|ly = ¢ | Txolly <c'=0""z|x,
which means that 7" is bounded. [

5. COMPLETENESS
1. Cauchy sequences.

Definition 5.1. A sequence z,, of elements of a metric space (X, p) is called a
Cauchy sequence if, given any € > 0, there exists n. such that p(z,,x,,) < ¢ for all
n,m > Neg.
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Lemma 5.2. FEvery convergent sequence is a Cauchy sequence.

Proof. If x,, — x then for any € > 0 there exists n. such that p(x,,x) < /2 for all
n > n.. Applying the triangle inequality we obtain

P( Ty Tm) < p(Tn, ) + p(Tm,z) <e/2+e/2=¢

for all n,m > n.. This implies that x,, is a Cauchy sequence. [

Lemma 5.3. If a Cauchy sequence has a convergent subsequence then it is con-
vergent with the same limat.

Proof. Let x,, be a Cauchy sequence and z,, — x be a convergent subsequence.
Then for any € > 0 there exists n. such that p(z,,z,,) < &/2 and p(z,,,x) < /2
for all n,n; > n.. Applying the triangle inequality we obtain

p(xn,x) < p(Tn,,z) + p(Tn,zn,) <e/2+¢e/2=¢, Vn > n..

Since € is an arbitrary positive number, this implies that z,, — x. 0O
2. Complete metric spaces.

Definition 5.4. A metric space (X, p) is said to be complete if any Cauchy se-
quence {x,} C X converges to a limit x € X.

There are incomplete metric spaces. If a metric space (X, p) is not complete
then it has Cauchy sequences which do not converge. This means, in a sense, that
there are gaps (or missing elements) in X. Every incomplete metric space can be
made complete by adding new elements, which can be thought of as the missing
limits of non-convergent Cauchy sequences. More precisely, we have the following
theorem.

Theorem 5.5. Let (X, p) be an arbitrary metric space. Then there exists a com-

plete metric space (X, p) such that
(1) X € X and p(z,y) = p(x,y) whenever z,y € X;
(2) for every ¥ € X there exists a sequence of elements x, € X such that
Tp — T as n — oo in the space (X, p).

Proof. See Appendix.

The metric space (X, p) is said to be the completion of (X, p). If (X, p) is already
complete then necessarily X = X and p = p.

Theorem 5.6. Let (A, p) be a subspace of a complete metric space (X, p) and A
be the closure of A in (X, p). Then (A, p) is the completion of (A, p).

Proof. Let {x,} be a Cauchy sequence in A. Since (X, p) is complete and A C X,
this sequence converges to some element € X. Since A is closed, by Lemma 3.13,
we have z € A. Therefore the space (A, p) is complete. Now the theorem follows
from Corollary 3.20. O
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Example 5.7. Let X be the set of rational numbers with the standard metric
p(z,y) = |z —y|. This metric space is not complete because any sequence x,, which
converges to an irrational number is a Cauchy sequence but does not have a limit
in X. The completion of this space is the set of all real numbers R with the same
metric p(z,y) = |x—y|. Any irrational number can be written as an infinite decimal
fraction 0.ajas ... or, in other words, can be identified with the Cauchy sequence
0, 0.a1, 0.a1as, ... of rational numbers which does not converge to a rational limit.

The space of real numbers R is defined as the completion of the space of rational
numbers and therefore, by definition, is complete.

Example 5.8. Since R is complete, the space of complex numbers C with the
standard metric p(z,y) = |x — y| is also complete. Indeed, if {¢,} is a sequence of
complex numbers and ¢, = a,, + ib,,, where a,, = Rec,, and b,, = Imc¢,,, then

{en} is a Cauchy sequnce if and only if {a,} and {b,} are Cauchy sequnces
of real numbers;

the sequence {c,} converges if and only if the sequences {a,} and {b,}
converge.

Theorem 5.9. B(S) is complete.

Proof. Let fi, fa,... be a Cauchy sequence in B(S). Then for any ¢ > 0 there
exists n. such that

sup |fn(z) — fin(2)| < /2, Yn,m > ne .
z€eS

This implies that for each fixed x € S the numbers f,(x) form a Cauchy sequence
of real (or complex, if f, are complex-valued functions) numbers. Since the space
of real (or complex) numbers is complete, this sequence has a limit. Let us denote
this limit by f(z). Then f,(x) — f(z) for each fixed x € S, that is, for any £ > 0
there exists an integer n. , (which may depend on z) such that

[ful@) = f@)l <e/2,  Vn>ne,.

We have
|fu(@) = f(@)] < |fn(2) = fr(2)| + [fm(z) — f(2)]

If n,m > n. and m > n., then the right hand side is estimated by e. Therefore
the left hand side is estimated by e for all x € S (indeed, given = we can always
choose m in the right hand side to be greater than n. and n. ;). This implies that
SUp,cg |fn(x) — f(z)| < € for all n > n,, which means that f,, — f uniformly.

It remains to prove that f is bounded. Choosing n > n. we obtain

sup | f(z)] < sup [fn(2) = ful2) + f(2)| < ilelg(lfn(fc)l + [fn(@) = f(2)])

zeS
< sup | fr (@) +sup [ fu(z) — f(z)| < sup |fu(z)] +€.
zeS €S zeS

Since f, is bounded, this estimate implies that f is also bounded. [
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Corollary 5.10. Cfa,b] is complete.

Proof. Since continuous functions on [a, b] are bounded, Theorem 5.9 implies that
any Cauchy sequence of continuous functions fj uniformly converges to a bounded
function f on [a,b], and we only need to prove that the function f is continuous.

In order to prove that we have to show that for any € > 0 there exists 6 > 0 such
that |f(z) — f(y)| < & whenever |z —y| < J. We have

[f(@) = FW)| = [f (@) = ful2) + fo(z) = fuly) + fu(y) = F()]
<|f(@) = fulo)] + [fn(x) = fa(W)] + [ fuly) = F(y)]-
Since f,, — f in B(S), we can choose n such that |f(z) — fn(z)| < /3 and

|f(y) — fu(y)| < &/3. Since the function f,, is continuous, there exists 6 > 0 such
that |f,(x) — fn(y)| < /3 whenever |z — y| < 6. Therefore

[flx) = fy)l <e/3+¢e/3+e/3=¢
whenever |z —y| <J. O
3. Series in Banach spaces.
Definition 5.11. A complete normed linear space is called a Banach space.

Example 5.12. In view of Theorem 5.9 and Corollary 5.10, B(S) and Cla,b] are
Banach spaces.

Let z,, be a sequence of elements of a normed linear space X.

Definition 5.13. The series fozl xy is said to be convergent if the sequence oy
defined by o = Zizl Z, is convergent in X. If o — x € X as k — oo then we
write Y 7|z, = x.

Definition 5.14. The series Y - | x, is said to be absolutely convergent if
2t o]l < oo

Theorem 5.15. In a Banach space every absolutely convergent series is conver-
gent.

Proof. Let s, = Zﬁzl |lzn|l. Since the series > > | ||x,]| is convergent, the se-
quence of positive numbers {s;} converges and therefore it is a Cauchy sequence.

Itm>k op=>Y._, 2z, and o5 = Zszl z,, then
m m
om0t = llom =il = | S 2l < S Jnll = lsm — 4l
n=k-+1 n=k+1

This implies that {op}n=12,. is a Cauchy sequence in our Banach space, and
therefore it converges. [

Corollary 5.16. Let f,, be bounded functions defined on a set S. If

> sup|fn(z)| < oo then there exists a bounded function f on S such that
n=1z€S

k
sup |f(z) = > fulz)| — 0.

zES k—o0
If S = [a,b] is a bounded interval and the functions f, are continuous on |a,b] then
f is also continuous.

Proof. The corollary immediately follows from Theorem 5.15 and the fact that B(.S)
and C|a, b] are Banach spaces (see Theorem 5.9 and Corollary 5.10). O
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4. Contractions.

Definition 5.17. A map 7T from a metric space (X, p) to itself is called a contrac-
tion if p(Tz, Ty) < cp(z,y) for some 0 < ¢ < 1 and all z,y € X.

Theorem 5.18 (The Contraction Mapping Theorem). IfT is a contraction
on a complete metric space then the equation Tx = x has a unique solution x and,
for any xq € X, the sequence x,, = T"xy converges to x.

Proof. Let n > m. Then, since p(T'z,Ty) < cp(z,y), we have

(X, n) = p(T™ o, T"20) < cp(T™ Lo, T 'ag)
<

Ep(T™ 2w, T" 2xg) ... <c™p(wg, T ™xg).
By the triangle inequality

p(@o, T" ™)
< p(zo, Txo) + p(Txo, T?x0) + p(T?x0, T320) + - - + p(T™ ™ Loy, T ™ay)
< p(zo, Txo) + cp(xo, Txo) + 2 p(xo, Tao) + - -+ + " L p(xg, Txo)
< (1 =) tplxg, Txo) .

These two inequalities imply that
(T, ) < (1 =) tp(xo, Txo), Vepe X, Vn>m. (5.1)

Since ¢ < 1, the expression on the right hand side can be made arbitrarily small
by choosing large m. This implies that {x,, } is a Cauchy sequence. Since our metric
space is complete, {z,,} converges to a limit z. In view of Lemma 4.4, we have

plz, Tx) = lim p(z,,Tx) = lim p(T"z,Tx)

n—oo

<c lim p(T" 'z, 2) = ¢ lim p(z,_1,7) =0.
n—oo n—oo

Therefore p(z,Tx) = 0, that is, Tx = x. If y is another solution of the equation
Ty =y then

0=p(Tz,Ty) - p(z,y) < cp(z,y) — p(z,y) = (c — 1)p(z,y)

and, consequently, p(x,y) = 0. This implies that x is the only solution of the
equation Tz = z. U

Theorem 5.18 allows one to construct an approximate solution to an equation of
the form Tx = x by choosing an arbitrary element zog € X and evaluating z,, =
T™x for sufficiently large m. This is called the method of successive approximations.

Corollary 5.19 (error estimate). Under conditions of Theorem 5.18 we have

p(xm, ) < (1 —c) plxg, Txo), Vepe X, Vm=0,1,2,... (5.2)

Proof. (5.2) is obtained from (5.1) by passing to the limit as n — oo and applying
Lemma 4.4. [
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Example 5.20. Let f be a real-valued function defined on an interval [a, b] such
that f(x) € [a,b] and

[f(z) = fy)] < clz—yl (5.3)
for all = € [a,b] and some constant ¢ < 1. Then, for any xg € [a,b], the sequence
x1 = f(xo), v2 = f(x1), 3 = f(x2),... converges to the only solution of the

equation f(z) = x.

Remark 5.21. The inequality (5.3) (with some ¢ > 0) is called the Lipschitz condi-
tion. If f is continuously differentiable on [a,b] then, by the mean value theorem,

f satisfies the Lipschitz condition with ¢ = sup |f'(x)].
z€[a,b]

6. CONNECTEDNESS
There are two commonly used notions of connectedness in metric spaces.

Definition 6.1. A subset A of a metric space is disconnected if there exists two
open sets Uy and Uy such that Uy N Uy = &, neither A N U; nor AN Us are empty
and A C Uy UUs,. Such a pair of sets Uy, Us is called a disconnection of A. A set
is connected if no disconnection of it exists.

Definition 6.2. Given two points z1,z2 of a metric space (X, p), a continuous
function f : [0,1] — X with f(0) = 21 and f(1) = 29 is called a path from z; to
9. A subset A of X is said to be path-connected if there exists a path with values
in A between any two points of A.

Remark 6.3. Note that if there is a path fi5 from 1 to x5 and a path fo3 from xo
to x3 then
f12(2¢), if0<

o t
Sialt) = { fog(2t — 1), if1/2<

is a path from z; to z3.
A connected set is not necessarily path-connected.

Theorem 6.4. A path-connected set is connected.

Proof. Suppose A is path-connected but not connected and let Uy, Uy be a discon-
nection of A. Choose 1 € ANU; and zo € AN U, and let f be a path in A from
71 to mo. Since f is continuous, the inverse images f~!(U;) and f~1(Us) are open
subsets of [0, 1]. Clearly, these subsets are not empty and

RN U) = 2, fH ) U N U2) =0, 1],

that is, the pair f=1(Uy), f~1(Us) is a disconnection of [0, 1].

Let us assume that the point {0} lies in f~!(U;). Then, since f~1(U;) is open,
there exists a positive number < 1 such that the open ball B,.(0) = [0,7) lies
in f~1(Uy). Let 7 be the maximal radius such that [0,79) C f~1(U;). Then the
point rg does not belong to f~!(U;). On the other hand, every neighbourhood of rg
contains points from f~1(Uy), so 79 does not belong to f~1(Us) (because f~1(Us)
is open and contains a neighbourhood of each point z € f~!(Uy)). Therefore
ro & f~1(U1) U f~1(U3), and we obtain a contradiction.

Every normed linear space X is path-connected. Indeed, if 1,25 € X then
f(t) = (1 —t)xy + tzo is a path from z; to zs.
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Lemma 6.5. Any interval of R is path-connected.

Proof. Let A be an interval, x1,x2 € A and 1 < x5. Then [z1,22] C A. We define
ft)=(1—=1t)xy + txe, 0 <t < 1. Clearly, f(t) € [x1,x2] for all ¢, so f(t) is a path
between x; and x5 lying in A. This proves that the interval is path-connected and
therefore it is connected. [

Lemma 6.6. Any ball in a normed linear space (with scalars R or C) is path-
connected.

Proof. Let A = B,.(x) or A = B,[z] and 1 € A. Then f(t) = (1 —t)z; +tx is a
path from x; to x. We have

1F(t) =2l = [0 =)z = (1 = )zf| = (1 = )]z — 2] < [lz — ]

for all ¢ € [0, 1], which implies that f(t) takes its values in A. In other words, we
have proved that, for every point x; € A, there exists a path in A from x; to the
centre . In view of Remark 6.3, this implies that every two points of A can be
joined by a path. [

Theorem 6.7. FEvery open connected set in a normed linear space X 1is path-
connected.

Proof. Let A be open and connected and let x € A be a fixed point. Define
U = {y € A : there is a path from z to y}.

In view of Remark 6.3, Uy is path-connected. Since A is open, for every y € U
there exists r > 0 such that B,(y) C A. Then, by Lemma 6.6, for any z € B,.(y)
there is a path from z to y to =, which means that B,.(y) C U;. Therefore U; is
open.

If Uy does not coincide with A, consider Uy = C(U;) N A. Since A is open, for
any y € Uy there exists r > 0 such that B,.(y) C A. Note that B,(y) N U; is empty
for if it contains some point z then, by Lemma 6.6, there exists a path from z to
z to y and therefore, by Remark 6.3, from x to y. This would imply that y € Uy,
contrary to the definition of Usy. Thus B,(y) C Us. Therefore Us is open. Also
A = U, UUs; and so Us; must be empty, otherwise Uy, Us is a disconnection of A.
Thus A = U; is path-connected. [J

The above theorem shows that the two notions of connectedness are equivalent
for open subsets of normed spaces. A most important instance of this is an open
subset in the complex plane (this is used in complex analysis).

Theorem 6.8. Every connected subset of R is a (possibly degenerate) interval.

Proof. For any connected subset A of R, let a = inf A and b = sup A (we assume
that @ = —oo or b = oo if A is not bounded above or below). We show that A
contains every point between a and b. Let x be such a point. Since a < x < b, there
is some element « of A with a < z (otherwise x would be a lower bound > a) and
similarly there is # € A with 3 > x. Then, if x ¢ A, we would have a disconnection
(—o0,z),(x,00) of Aandsoxz € A. O



CM 321A REAL ANALYSIS II 17

Theorem 6.9. Let (X,p) and (Y,o) be metric spaces and let f : X — Y be
continuous. Then the image of any connected subset A of X under f is a connected
subset of Y.

Proof. Suppose that f(A) = {f(z): x € A} is disconnected in Y and let Vi, V5 be
a disconnection of f(A). Let Uy = f~%(V}) and Uy = f~1(V5). We will show that
U1, U, is a disconnection of A and thus obtain a contradiction.

Clearly A C Uy UUs since for z € A, either f(x) € V5 or f(x) € Vo, that is, either
x € Uy or x € Us. The fact that Uy N A # @ is clear since it contains  whenever
f(z) is in the non-empty set f(A) N Vi. Similarly UsNA # @. Also, if x € U3 N Uy
then f(x) € V4 N V,. But, since Vp, Vs is a disconnection, @ = Vi NV, # f(z). So
Uy NU; = @. Finally, the inverse image characterization of continuity (Theorem
4.8) shows that U; and Us are open. [

Note that in view of Theorem 6.8 the above theorem includes the Intermediate
Value Theorem of elementary analysis.

Example 6.10. Let X be a metric space with discrete metric (see Example 1.7
and 3.21). Then every subset of X is open. This implies that every set which
consists of more than one element can be represented as a union of two open non-
overlapping subsets and therefore is disconnected. Such metric spaces are called
totally disconnected.

7. COMPACTNESS

Intervals which are bounded and closed figure prominently in analysis on the real
line. The appropriate generalization of their essential properties that are relevant
to analysis in more general spaces is compactness. There are two definitions of
compactness which can be shown to be equivalent.

Definition 7.1. A subset K of a metric space (X, p) is said to be (sequentially)
compact if any sequence of elements of K has a subsequence which converges to a
limit in K.

It is clear from the definition that K is compact in (X, p) if and only if it is
compact in (X, o) for any metric o equivalent to p.

The second definition needs a little terminology. If Sis a family of subsets of
X and K C UgS then S is called a cover of K. If each member of S is open, it is
called an open cover of K. If S is a cover of K and a subset Sy of S also covers K

then Sy is called a subcover of S. A cover (or subcover) is said to be finite if it has
a finite number of members.

Definition 7.2. A subset K of a metric space (X, p) is said to be compact if any
open cover of K has a finite subcover.

Theorem 7.3. A set is compact if and only if it is sequentially compact.
Proof. See Appendix.

Definition 7.4. A subset K of a metric space (X, p) is bounded if, for some x € X
and r > 0, we have K C B,(z).
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Theorem 7.5. A compact set K is bounded and closed.

Proof. If K is not bounded then, for every x € X, the family of balls B, (x),
n=1,2,...,is an open cover of K which does not have a finite subcover.

If K is not closed, it does not contain at least one of its limit points. Consider a
sequence of elements of K which converges to this limit point. Every subsequence
of this sequence converges to the same limit point. Therefore such a sequence does
not have a subsequence which converges to a limit in K. [

Lemma 7.6. A closed subset of a compact set is compact.

Proof. Let K be compact, Ky be a closed subset of K and {z,} be a sequence
of elements of Ky. Since {z,} C K, this sequence has a convergent subsequence.
Since K is closed, the limit of this subsequence lies in K. Therefore any sequence
of elements of Ky has a subsequence which converges to a limit in Ky which means
that K is compact. [

Lemma 7.7. If K and L are compact subsets of metric spaces (X, p) and (Y, 0)
respectively then K x L as a subset of X XY with the metric

d((z1,91), (X2, 92)) = (w1, 22)% + 0 (y1,42)2.

18 compact.

Proof. Let (z,,y,) be an arbitrary sequence in K x L. Since K is compact, there
is a subsequence z,, which converges to a limit x € K as k — oco. Since L
is compact, the sequence y,, has a subsequence y,, , which converges to a limit
y € L as i — oo. Since z,, — x as k — oo, we also have z,, . — z as i — oo. By
definition of convergence, p(z,, ., z) — 0 and o(yn,,,y) — 0 asi — oco. This implies
that d ((zn,,, Yny,)s (x,y)) — 0 as i — oo, that i, (Tn,,,Yn,,) — (z,y) € K x L.
Therefore any sequence (z,,y,) of elements of K x L has a subsequence which
converges to a limit in K x L. [J

Theorem 7.8. A bounded and closed subset of R™ is compact.

Proof. Since any bounded subset lies in a closed cube Q", in view of Lemma 7.6
it is sufficient to prove that the closed cube is compact. The closed cube Q" is a
direct product of a one dimensional closed cube Q! (a closed interval) and a closed
cube Q"' Cc R* ! If Q' and Q" ! are compact then, by Lemma 7.7, Q" is also
compact. Therefore it is sufficient to prove that a closed interval is compact (after
that the required result is obtained by induction in n).

Let z,, be an arbitrary sequence of numbers lying in a closed interval [a, b]. Let
us split [a,b] into the union of two intervals of length §/2, where § = b — a. At
least one of these intervals contains infinitely many elements z,, of our sequence.
Let us choose one of these elements and denote it by y;. Now we split the interval
of length §/2 which contains infinitely many elements x,, into the union of two
intervals of length 6/4. Again, at least one of these intervals contains infinitely
many elements x,,. We choose one of these elements (distinct from ;) and denote
it by y2. Repeating this procedure, we obtain a subsequence {y;} of the sequence
{x,} such that y, lie in an interval of length 2750 for all & > kq. Clearly, {yx}
is a Cauchy sequence. Since R is a complete metric space, {yxr} converges to a
limit. Since a closed interval is a closed set, this limit belongs to [a,b] . Thus, any
sequence of elements of [a, b] has a subsequence which converges to a limit in [a, b],
which means that the closed interval is compact. [
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Theorem 7.9. The image of a compact set by a continuous map is compact.

Proof. Let K be a compact set and T" be a continuous map. Let y, be an arbitrary
sequence of elements of T'(K). Then y,, = Tx,, where x,, € K. Since K is compact,
the sequence {x,,} has a subsequence {z,,, } which converges to a limit x € K. Then
by Theorem 4.2 the subsequence y,, = Tz, converges to the limit Tz € T'(K).
This proves that T'(K) is compact. [J

Definition 7.10. A metric space (X,p) is said to be compact if the set X is
compact.

Theorem 7.11. A compact metric space (X, p) is complete.

Proof. Let {x,} C X be an arbitrary Cauchy sequence. Since X is compact, this
sequence has a subsequence which converges to a limit in X. By Lemma 5.3, the
whole sequence {x,} converges to the same limit. O

Theorem 7.12. Let (X,p), (Y,0) be compact metric spaces and T : (X,p) —
(Y,0) be a continuous bijection. Then the inverse mapping T is continuous.

Proof. Applying Theorem 4.8 to T~ !, we see that it is sufficient to prove that the
inverse image (T~!)~1(B) = T(B) C Y is closed whenever the set B C X is closed.

If B is closed then, by Lemma 7.6. it is compact. By Theorem 7.9 T'(B) is also
compact and therefore is closed (Theorem 7.5). [

Example 7.13. Let X be the space of continuously differentiable functions on a
closed interval [a,b] and p, o be the metrics on X defined as follows:

p(f,g) = sup |f(x)—g(x)|+ sup |f'(z)—g'(x)l,

z€a,b] z€[a,b]

o(f,g9) = sup |f(z)—g(x)l.

z€[a,b]

The identical map (X, p) — (X, o) is a bijection and is continuous because f, 2 f
implies f, = f. However, the inverse mapping is not continuous. Indeed, the
sequence f,(x) = n~1sin(n?z) converges to the zero function with respect to the
metric o but does not converge with respect to the metric p.

Definition 7.14. We say that a (real or complex-valued) function f defined on a
metric space f : (X, p) is uniformly continuous if for any € > 0 there exists 6 > 0
such that |f(z) — f(y)| < € whenever p(z,y) < 0.

Obviously, a uniformly continuous function is continuous.

Theorem 7.15. If (X, p) is a compact metric space then any continuous function
f on (X, p) is uniformly continuous.

Proof. Let € > 0. Since f is continuous, for every point x € X there exists 6, > 0
such that
|f(y) — f(z)| < /2 whenever p(y,z) < ds. (7.1)

Let J, = Bs,/2(x). Since z € J,, the collection of open balls {J;}.ecx, is an
open cover of X. Since X is compact, it has a finite subcover, that is, there
exists a finite collection of points zy, s, ... , 7, such that X = U*_,J, . Denote

6 = 5 min{d,,,...0d,, }. Since the number of points ,, is finite, we have § > 0.
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Let z,y € X and p(z,y) < 6. Since X = UE_,J, , there exists n such that
x € Jy, , that is, p(z,x,) < 6., /2. By the triangle inequality

Py, Tn) < p(x,20) + p(2,y) < 0z, /2 +6 < 0z,

and, in view of (7.1),

[f(y) = F@)| < |f(y) = flen)| +1f(2n) = f(@)] <e/2+e/2 =

Thus we have proved that for any € > 0 there exists 6 > 0 such that |f(x)—f(y)| < e
whenever p(z,y) <6. O

Further on in this section, for the sake of simplicity, we shall deal only with real-
valued functions. Theorems 7.17 and 7.19 can be easily generalized to complex-
valued functions by considering their real and imaginary parts separately.

Definition 7.16. If (K, p) is a metric space then C(K) denotes the linear space
of continuous functions f : K — R provided with the norm || f|| = sup|f(z)|.
zeK

Theorem 7.17 (Weierstrass’ approximation theorem). Let P be the set of
polynomials in Cla,b], where [a,b] is a finite closed interval. Then P = Cla,b].

Proof. The theorem follows from Theorem 7.19 (see below).

There are many equivalent ways to state the above theorem. For example:

(1) Any continuous function on a closed bounded interval can be uniformly
approximated by polynomials.

(2) Let f be continuous on [a,b]. Given any € > 0 there exists a polynomial p
such that |p(z) — f(z)| < € for all x € [a, b].

(3) The polynomials are dense in Cla, b].

Clearly, if f,g € C(K) then fg € C(K). A linear space with this property is
called an algebra.

Definition 7.18. A set of functions P € C(K) is said to be a subalgebra of C(K)
if P is a linear space and fg € P whenever f,g € P.

Theorem 7.19 (Stone—Weierstrass). Let K be a compact metric space and P
be a subalgebra of C(K). If

(1) P contains the constant functions and
(2) for every pair of points x,y € K there exists a function f € P such that
f(z) # f(y) (in other words, P separates the points of K )

then P = C(K).
Proof. See Appendix.

Example 7.20. Finite sums of the form

k l
c+ Z a; sin(ix) + Z b; cos(jz),
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where ¢, a;, b; are some constants, are called trigonometric polynomials. The Stone—
Weierstrass theorem implies that the trigonometric polynomials are dense in C|a, b
for any closed interval [a, b], provided that b — a < 27. Indeed,

(1) from the equalities

2 sin(nx) cos(mz) = sin((n +m)z) + sin((n —m)x),
2 sin(nx) sin(mz) = cos((n — m)z) — cos((n + m)z),
2 cos(nzx) cos(mz) = cos((n —m)z) + cos((n +m)x)

it follows that the set of trigonometric polynomials is a subalgebra;
(2) if sin(nx) = sin(ny) and cos(nz) = cos(ny) for all n then the equalities

n(x+y) . n(@—y)

0 = sin(nz) —sin(ny) = 2 cos 5 sin —— )
0 = cos(ny) — cos(nz) = 2 sin n(m;— y) sin n(x2— y)

(w ) y)

imply that sin = = 0 for all n. This is only possible if @=v) — kr for

some integer k, Wthh implies that x = y (since b — a < 27).

8. INTEGRATION
1. Step functions.

Definition 8.1. We say that a complex-valued function 1 defined on a finite in-
terval [a, b] is a step function if there exists a finite collection of intervals I}, C [a, b],
k=1,2,...,N, such that

(1) U = [a ]

(2)ifj#kthen ;NI =2

(3) % is constant on each interval Ij.

In the above definition the intervals I are not necessarily open or closed and may
be degenerate. Every step function ¢ is determined by the collection of intervals
I}, and constants ¢, = 1|, . We shall write ¢ ~ {Ij,c} if ¢ is constant on the
intervals I, and takes the value ¢, on I}.

Lemma 8.2. The step functions form a linear space, that is,

(1) if ¢ is a step function and \ € C then M\ is a step function;
(2) if Y1 and 1 are step functions then 1 + 1y is a step function.

Proof.
(1) If o ~ {1y, cr} then A\p ~ {Ij, Ac}, so A is a step function.
(2) Let wl ~ {[jvcj}, j = 1, 7N17 and wg ~ {Ik,gk}, k = 1, ,NQ. The
intersections I; N I are disjoint intervals and I; N I C [a,b]. Moreover, since
Ué\f:lllj = [a, b] and Uk21]k = [a, b], we have

UM U2 (I N ) = [a,b].

Thus the collection of intervals {I; N INk}, j=1,...,Ni, k =1,..., N, satisfies
the conditions of Definition 8.1. Clearly, the function 1 + 15 is constant on each
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interval I; N I, and takes the value ¢j + ¢i. Therefore ¥ + 1, is a step function
and 77/}1 -l-?/]g ~ {Ij N Ik,Cj -|—Ek} O

Let Bla,b] be the linear space of bounded functions on [a, b]. The step functions
are bounded and therefore the set of all step functions is a subset of Bla,b]. We
denote by Rla,b] the closure of this subset with respect to the standard metric on
Bla,b] (Example 1.6). By Corollary 3.20 f € R[a,b] if and only if there exists a
sequence of step functions 1, converging to f in Bla,b], that is,

sup [f(z) —Yn(z)| =0, n—oo.
z€la,b]

Roughly speaking, R[a, b] consists of all step functions and the functions f which can
be approximated by step functions. The functions f € R[a,b] are called Riemann
integrable functions.

Theorem 8.3. C[a,b] C R|a,b).

Proof. Let f € Cla,b]. Then, by Theorem 7.15, f is uniformly continuous, that is,
for any € > 0 there exists § > 0 such that | f(z) — f(y)| < € whenever |z —y| < 4. In
particular, we can choose 6, > 0 in such a way that |f(z) — f(y)| < 1/n whenever
|z —y| < 6,. Let us split the interval [a,b] into the union of non-overlapping
intervals I whose lengths are not greater than d,, and set ¢ = f(x)) where xy,
is an arbitrary point lying in I. Let ¢, ~ {I,cr} be the corresponding step
function. If z € [a, b] then |x — x| < 4, for some k and, consequently,

[f(2) = n(@)| = |f(2) = flar)| < 1/n.
Therefore | f(z) — ¢ (z)| < 1/n for all x € [a,b]. This implies that

sup |f(z) —¥n(x)| <1/n—0, n — oo,
z€[a,b]

so f € Rla,b]. O

Definition 8.4. We say that a complex-valued function f defined on a finite in-
terval la, b] is piecewise continuous if there exists a finite collection of intervals
C [a,b], n=1,2,...,N, such that
( ) Uil I = [a, b];
(2)ifj#kthen ;NI =2
(3) % is continuous on each 1nterval I}, and has finite limits at the end points
of the interval I;.

Corollary 8.5. If f is piecewise continuous then f € R|a,b.

Proof. By Theorem 8.3, for every interval we can find a sequence of step functions
,(f) such that
sup | f(z) — ¢ (2)] = 0, n— o0, (8.1)

xely

Let us extend ¥4 by zero to the whole interval [a, b] and define

=Y 9P )
k=1
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Then v, is a step function defined on [a,b] and, in view of (8.1),

sup |f(z) —¥n(x)| — 0, n — oo,
z€[a,b]

so f € Rla,b]. O
Definition 8.6. If ¢ is a step function and ¢ ~ {I, ¢ }x=1,... ~ then we define

| vla)de =3 enirn).
a k=1

where p(Iy) is the length of the interval Ij.

Lemma 8.7.
(1) If ¢ is a step function and A € C then

/ab A\(z) de = )x/ab Y(x) dx

(2) If 11,12 are step functions then

/ab (1) + 92(2)) do = /ab Y1(x) dx —i—/abwz(:c) dx

Proof. Let ¢ ~ {I,c,}. Then (1) immediately follows from the definition of the
integral and the fact that A\ ~ {I), Acy}.

If Qﬂl ~ {Ij,Cj}jzl N and ’QUQ ~ {Ikzyck}k 1 then

gooe

Y+ ~ {I; ﬂfk,cj +5k}
(see the proof of Lemma 8.2). Therefore

b N N -
[ r(@)+ vala) do = 303 (e + @l 0 o)
a k=1j=1
N N N N
:Z CJZ/L(I N 1I) +Z CkZM(I N I)
j=1 k=1 k=1 =1
In view of conditions (1), (2) of Definition 8.1 we have
]Av ~
Z (I;NI},) = ZM N 1) = p(ly),
k=1
and therefore
b
[ @)+ va(a)) da
N B N b b
=Y au@) + S esul) = [ i@ det [ dale)do
k=1 j=1 a a

This proves (2). O
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Lemma 8.8. If vy is a step function then

|/w Yde| < (b—a) sup [$(2)].

z€[a,b]

Proof. Let 1 ~ {Ix, cx}. Then

b N
JROEE ch 1< exl u(Ty)
a k=1

N

< sup [9(@)] ) u(ly) = (b—a) sup ()]

xe[a,b} k=1 (L'E[a,b}

2. Definition and basic properties of integrals.

Definition 8.9. Let f € R[a,b] and v, be a sequence of step functions converging
to f in Bla,b]. We define

/abf(:c) do = lim /ab on(z)dz, - oo, (8.2)

and [, f dx——ff

In order to show that our definition is correct we have to prove that the limit
exists and is independent of the choice of sequence ,,.
Assume that ,, — f in Bla,b]. Then 1), is a Cauchy sequence in Bla,b|, that
is,
sup |¢n(x) — Ym(z)| — 0, m,n — 00.
z€[a,b]

Therefore, in view of Lemmas 8.7 and 8.8, we have

|/wn dm—/wm )dz | |/ (6 () — Ym(2)) do|

< (b—a) sup |Pn(z) — ¢m(z)] — 0
z€[a,b]

as m,n — oo. This implies that the sequence of complex numbers f; U (x) dx

form a Cauchy sequence, so the limit in (8.2) exists. If Jn is another sequence of
step functions converging to f in Bla, b then

sup [ty () = ¥n (@) < sup [vn(@) = f(2)] + sup |f(x) = ()] — 0

z€la,b] z€[a,b] z€[a,b]

as n — oo. Therefore

[ [ [ (@ - Ew) @

<(b—a) sup [vn(x) = Pn(z)| =0

z€la,b]

as n — oo, which implies that the limit does not depend on the choice of sequence

Y.
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Lemma 8.10. For all f € R[a,b] we have

| / f(z)dz| < (b—a) sup |f(z)].

z€[a,b]

Proof. Let 1, be a sequence of step functions converging to f. By Lemma 8.8 we
have

b
| / (@) dz| < (b— a) sup [¢n(2)

z€[a,b]

for all n. By the triangle inequality

sup |¢n(z)| < sup [f(z)]+ sup [¢n(z) — f(z)].
z€a,b] z€[a,b] z€[a,b]

Combining these two inequalities we obtain
b b
[ $@yds| = im [ (o) da

b
= lim |/ Yp(x)dr| < (b—a) lim sup |¢,(x)]

n—o0o n—00 ycla,b]

< (b—a) sup |f(z)|+(b—a) lim sup |¢,(z)— f(z)].

z€la,b] =0 p€la,b]
Since ¢,, — f in Bla,b], the second term on the right hand side is equal to zero,
which proves the lemma. [

If @ = b then any function defined on the degenerate interval [a,b] = {a} is a
step function (because it takes only one value). Lemma 8.10 immediately implies
that [ f(z)dz = 0.

Definition 8.11. If X is a linear space then a linear map F': X — C is said to be
a linear functional on X.

Theorem 8.12. The map
b
f —>/ f(x)dz (8.3)

is a linear uniformly continuous functional on Rla,b].

Proof. In order to prove that the functional (8.3) is linear it is sufficient to show
that

b b b
/ A f(x) +g(x)) de = )\/ f(z)dx + )\/ g(x) dx (8.4)
for all f,g € Rla,b] and A € C. Let v, and ¢, be sequences of step functions
converging in Bla,b] to f and g respectively. Then, by Lemma 8.7,
b

/(le(¢n(x)+90n(x)) dx:A/abw(@dxH/a onlz) da

for every n. Taking the limits on the right and left hand sides and using the
definition of integral we obtain (8.4).
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In order to prove that the functional (8.3) is uniformly continuous we have to

show that for any € > 0 there exists 6 > 0 such that |f; (f(x) —g(z))dx| < ¢

whenever sup |f(z) — g(z)| < J. By Lemma 8.10
z€[a,b]

b
I/ (f(z) —g(z))dz | < (b—a) sup [f(z)—g(z)]. (8.5)

z€la,b]

Therefore, given € > 0 we can take 6 = (b—a)"le. O

If f is a function on [a, b], let us denote

flx), if f(x) >0,

0, if f(z) >0,
0, if f(z)<0, i

—f(x), if f(x) <O0.

Clearly, fy and f_ are non-negative functions on [a,b] and

f@) = fr(@) = f-(2), |f(@)]=fi(@)+f-(2), [fi(x)f-(x)=0

for all x € [a, b].

Any real-valued function f is represented as a linear combination of non-negative
functions fy and f_. Any complex-valued function f is the linear combination
of real-valued functions Re f and Im f, and therefore it can also be represented
as a linear combination of non-negative functions. Since the integral is a linear
functional, one can always reduce the the study of the integral of a complex function
to the study of integrals of non-negative real-valued functions.

e ={ r-@={

Proposition 8.13. If f € R[a,b] is a non-negative function then f; f(x)dz > 0.

Proof. Let 1,, be a sequence of step functions converging to f. Since

[f (@) = Wn)+ (@) <[f(2) = Pulz)], Vo €lab],

we have

sup |f(.73) - (¢n)+(ﬂf)\ < sup ‘f(aj) - wn(x)’ —0

z€[a,b] z€[a,b]
as n — oo. This implies that the sequence of step functions (1),,)+ also converges
to f. Obviously, f;(¢n)+($) dr > 0 for all n. Taking the limit we obtain that
f;f(:c)dx >0. O

Proposition 8.14. If f € Rla,b] then |f| € R[a,b] and
b b
[ t@del< [ If@)de. (5.6

Proof. If 1, is a sequence of step functions converging to f in Bla,b] then the
sequence of step functions || converges in Bla,b] to |f|. Therefore |f| € R]a,b]
whenever f € Rla,b].

Clearly, the estimate (8.6) holds for each step function ,,. Taking the limit, we
obtain (8.6) for an arbitrary function f € Ra,b]. O
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Proposition 8.15. If f € Rla,b] and c € [a,b] then

/f m—/f m+/f (8.7)

Proof. Tt is sufficient to prove (8.7) for the step functions, after that the general
result is obtained by taking the limit.

Assume that v is a step function and ¢ ~ {I,cr}. Let ¢ € I,. Denote
L, ={r €y, iz <c}and I}j ={z € I}, : ¥ > c}. Then

/¢ dﬂ?—zckufk chufk + Cro (L) + chufk

k<ko k>ko
Z Ck W Ik)—l—cko,u([ko)+ck0 I Z ck,u Ik
k<ko k>ko

5[w@m+[ﬂmm

Lemma 8.10 plays the key role in the theory of Riemann integrals. It implies
the fundamental theorem of calculus and all other standard results on integrals (see
Appendix).

3. Unbounded functions and unbounded intervals.

Definition 8.16. Let ¢ € (a,b) and f(z) is bounded for all x € [a,c) U (¢, b]. If
f € Rla,c —¢] and f € R[c+ 9, b] for all positive €, then we define

/ f(x)de = hm : f(x)dx + glm f( ) dx (8.8)

c+6

It may happen that one of the limits in the right hand side of (8.8) does not exist
(or is equal to 0o or —o0), and then we say that f; f(x) dx is not defined.

Remark 8.17. If the interval [a,b] contains a finite collection of points at which
the function f is unbounded, we split [a, b] into a union of intervals each of which
contains only one such point and then define the integral using Proposition 8.15.

Example 8.18. Let f(z) = 27! and a < 0 < b. Then

f(z) dz = log(e) — log(—a) — —o0, e—0,

a

b
/ f(z)dz =logb—logd — o0, 0—0,
5

so the integral fa_s f(x) dzx is not defined. However,

e—0

—€ b
lim ( f(x)dx + / f(x) dgc) = gl_I)I(l) (logb — log(—a)) = logb — log(—a)

exists and finite. Therefore it is important that in (8.8) we consider separate limits
. c—e . b
lim [, f(z)dz and gl_r)r(l) Jois [(x)de.



28 CM 321A REAL ANALYSIS II

Definition 8.19. If f € R|a,b] for all —co < a < b < 0o then we define

oo b
/ flx)dx = blim f(x)dz,

a

b b
| o= tim_ [ f@)ds,

a

/Zf(x)dx:/;f(m)dw/:of(x)dx_

Again, it is important that in the definition of ffooo f(x)dx we take separate
limits; the limit blim ffb f(x) dxr may exist even if the integral ffooo f(x)dz is not
well defined. N N _

Clearly, ff f(@)dz = [T f(x)dz, where f(z) = f(x) if € [a,b] and f(z) =0
otherwise. Therefore any integral over an interval can be written as an integral
over the whole real line.

Remark 8.20. 1If [a, b] is an unbounded interval and R]a, b] is the space of bounded

integrable functions on [a,b] then the map f — f: f(x)dx is not a continuous

functional on R[a,b] with respect to the standard metric p(f,g) = sup |f(x) —
z€[a,b]
g(z)|. Indeed, the sequence of functions

fn(z) =

I/n, —n<z<n,
0, otherwise ,

converges to the zero function in B(—00,00) but [ f,(z) dz = 2 for all n.

4. Integrals depending on a parameter.

Theorem 8.21. If [a,b] and [a, B] are finite intervals and f(x,t) is a continuous
function on [a,b] X [, (] then f: f(z,t)dx is a continuous function on [a, 3].

Proof. The set [a,b] X [, (] is compact. Therefore f is uniformly continuous on
[a,b] x [a, B] (Theorem 7.15), that is, for any € > 0 there exists 6 > 0 such that

sup |f(x,to) — f(x,t)| < e whenever |ty — t| < 6. This implies that
z€[a,b]

sup |f(x,to) — f(z,t)| — 0, ast—tg.
z€[a,b]

By (8.5)

b
|/ (f(@,t0) = f(z,t)) dx| < (b—a) sup |f(x,to0) — f(z, )] =0

z€la,b]

ast —tg. O
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Theorem 8.22. If [a,b] and [a, B] are finite intervals and f(x,t) is a continuous
function on [a,b] X [, 8] which is continuously differentiable in t then

b b
%( / f(x,wdas) - [ gwod

Proof. We have

b b X
%(/@ f(x,t)dx>=§i£%5—1 </a f(a:,t+5)dx—/a f(x,t)dx)

and, by the mean value theorem,

. (/abf(x,H(S)dx—/abf(x,t)d:c>

:/ 57V (f(at 4+ 6) — f(,1)) dx:/ et + 6% de,

where 0 < 6* < 9. If 6 — 0 then 6* — 0 and, by Theorem 8.21,

b b
61*11110/ f'(:]:,t—f—é*)d:]::/ f(x,t)dx

This completes the proof. [
Theorem 8.23. If [a,b] is a bounded interval, f, € Rla,b] and

then

(in other words, we can integrate the series term by term).

Proof. Since the integral is a linear continuous functional on R[a, b], we have

/abf(x)dx:/ (klggton )
= tim > (/ e dx>:§<ffn(x)dx>

(in the first line klim denotes the limit in Bla, b], in the second line klim stands for
— 00 —00

the limit in C). O
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Corollary 8.24. Let [a,b] be a bounded interval and f, be continuously differen-
tiable functions on |a,b] such that

(1) >0z fn(x) = f(z) for every x € [a, b];

(2) the series Y -, f1 is uniformly convergent.

Then the function f is continuously differentiable and
Y @) =f(x), Vel
n=1

(in other words, we can differentiate the series term by term).

Proof. Let >.07 | fl = f. Since the series S>>, fr converges uniformly (that is,

converges in C|a, b)), the function f is continuous. Theorem 8.23 and the funda-
mental theorem of calculus imply that

/ e = S / TR = S (@) - fala) = f@)— fa)

for all z € [a,b]. Now the fundamental theorem of calculus implies that f is
continuously differentiable and f' = f. O

5. Picard’s Existence Theorem for First Order Differential Equations.
Let f be a real-valued function defined on an open domain Q € R2. Consider
the ordinary (non-linear) differential equation

de

L = f ) (3.9)

with the initial condition ¢(z¢) = o, where x is a one dimensional variable, ¢ is a
function of x and ¢q is some constant.

Theorem 8.25 (Picard’s theorem). Let (xo,¢0) € Q and f be a continuous
function satisfying the Lipschitz condition

|f<x7y1)_f(m7y2)| < C’yl _y2|7 (810)

where c is some constant. Then the equation (8.9) with the initial condition ¢(xg) =
o has a unique solution on some interval [xg — 6,2 + 6.

Proof. Since f is continuous, we have |f(z,y)| < R whenever (z,y) lie in a suffi-
ciently small ball B about the point (xg, o). Let us choose a small positive constant
0 such that

(1) (x,y) € B whenever |z — xg| < J and |y — po| < R;
(2) ¢ <1.

Denote by C* the closed ball of radius R§ centre ¢ in the space C|xg— 3, xo+d]; in
other words, C* is the set of all continuous functions 1 on the interval [xo—d, ¢+ 0]
satisfying the estimate

sup lv(x) —@o| < RO.
xE[xo—08,20+0]
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By Theorem 5.6, the space C* provided with the metric (1.1) is complete.
By the fundamental theorem of calculus, the equation (8.9) with the initial con-
dition ¢(x9) = ¢ is equivalent to the integral equation

o) = e+ [ Fltpv)de. (5.11)
Consider the map T : C* — C[zg — 6, ¢ + J] defined by
Ty(z) = ¢o —|—/ f(t,(t))dt, where z € [zg — 0,20 + ].
i)

Then (8.11) is equivalent to the identity T = ¢ . If 1p € C* then, by Lemma 8.10,
we have

To(z) — vl < !/f ) di| < RS, Vo€ lzo— 520+,

which implies that 7' : C* — C*. Lemma 8.10 and (8.10) also imply that

T (2) - T / Pt (O) = F(L @) dt < b sup () —iha(t)].

t€[$0 —5,%0-{-(5}

Since ¢ < 1, the above inequality means that the map 7" : C* — C* is a contraction.
Now Picard’s theorem follows from Theorem 5.18.



