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1 Order structure of R

Throughout this section, a number L means that it is a real number and let S be a non-
empty subset of R.

Definition 1.1 Using the notation as above:

(i) S is said to be bounded above (resp. bounded below) if there is a number L (resp. £
such that x < L (resp. £ < x ) for allx € S. In this case, such number L (resp. £) is
called an upper bound (resp. lower bound) for S.

Furthermore, S is said to be bounded if it is both are bounded above and bounded below.

(ii) S is said to have a mazimal element (resp. minimal element) if there is an element
M €S (resp. m € S such that x < M (resp. m < x) for allx € S. In this case, write
max S and min S for the mazximal element and the minimal element of S respectively.

Remark 1.2 (i) It is noted that the maximum of a set may not exist even it is bounded
above. For example, if let S = {1 — % :n = 1,2...}, then S is bounded above but
max S does not exist.

(i) It is clear that max S exists if and only if min(—S) exists, where —S = {—z : z € S}.

In this case, we have — max .S = min(—.5).

The following notion plays an important role in mathematics.

Definition 1.3 Using the notation as above, a number L € R (rep. £) is called the
supremum (resp. the infimum ) of S if L is the least upper bound (resp. the great-
est lower bound) for S. In this case, we write

L:=supS ; ¢ :=inf S.

The following result is easy shown by the fact that a number L is an upper bound for
S if and only if —L is a lower bound for the set —S.

1This is a note of the course Honours Mathematical Analysis I in 2022-23, 1°¢ term



Proposition 1.4 Using the notation as above, then sup S exists if and only if inf(—S5)
exists. In this case, we have

—sup S = inf(-295).

The following is a very useful result for checking a number whether it is the supremum
of a given set. In addition, the technique of the proof is standard.

Theorem 1.5 Assume that sup S exists. A number L = sup S if and only if it satisfies the
following two conditions.

(i) L is an upper bound for S.
(i) For any e > 0, there is an element ¢ € S such that L — e < xy.

Similarly, if inf S exists, then a number £ = inf S if and only if the following two conditions

hold:
(i’) £ is a lower bound for S;
(ii’) For any e > 0, there is an element yo € S such that yo < £ + €.

Proof: We are going to show the case of supremum first. For showing (=), assume
that L = sup S. It is noted that the condition (i) automatically holds by the definition of
supremum. It remains to show that the condition (iz) holds. Let € > 0. Then L — e < L.
Since L is the least upper bound for S, L — ¢ is not an upper bound for S. Therefore, there
is an element Xy € S such that L — ¢ < zy as desired.

Now for showing the converse statement, assume that the conditions (z) and (ii) hold for
the number L. Then by the definition of the supremum, it needs to show that if L1 is an
upper bound for S, then L < L;. Suppose not, that is, we assume that there is an upper
bound L; for S such that L; < L. Then ¢ :=1/2(L — L) > 0. The condition (ii) gives an
element zy € S such that

1
L1<§(L1—|—L):L—€<$0§L.

The last statement can be obtained by considering —S' in the first assertion above. (|

Axiom of Completeness of R: FEvery bounded above non-empty subset of R must have
the least upper bound, that is, the supremum of a bounded above non-empty subset of R
must exist.

Proposition 1.6 Let A and B be non-empty bounded above subsets of R. Put A+ B :=
{r+y:2€ Aye B}. Then we have sup(A + B) = sup A + sup B.

Proof: Note that L; :=sup A and Lo := sup B exist by the Axiom of Completeness. It is
clear that L + Lo is an upper bound for the set A + B. By using Theorem 1.5, it suffices
to show the condition (iz) in Theorem 1.5 holds. Let & > 0. Then by Theorem 1.5, there
are elements a € A and b € B such that L; — %5 < a and Ly — %E < b. Hence, we have
L+ Ly —e < a+b. Thus the condition (i7) holds for the set A+ B. The proof is finished.
O



Proposition 1.7 If S is a bounded below non-empty subset of R, then inf S must exist.

Proof: Note that the set —S is bounded above. Then by the completeness of R, sup(—.S)
exists and hence, inf S = —sup(—S) must exist. O

Theorem 1.8 Archimedean Property: For each x € R, there is a positive integer n
such that x < n.

Proof: The proof is shown by the contradiction. Suppose that there is a real number M
such that n < M for all n € Z. Thus, the set of all positive integers Z, is bounded above.
The Axiom of Completeness tells us that the supremum L := sup Z; must exist. Then by
considering € = 1 in Theorem 1.5, there is an element m € Z4 such that L — 1 < m and
hence, L < m + 1. This implies that n < m + 1 for all n € Zy. It leads to a contradiction
because m+1 € Z,. O

Corollary 1.9 inf{l/n:n=1,2..} =0.

Proof: Let S:={1/n:n=1,2..}. It is noted that 0 is a lower bound for the set S. By
using Theorem 1.5, it needs to show that for any € > 0, there is an element a € S such that
a < 0+4e¢e. Now let € > 0. Then by Archimedean property, there is a positive integer N such
that 1/e < N. Thus, we have 1/N € S and 1/N < ¢ as required. The proof is finished. O

Definition 1.10 We say that a subset A of R is dense in R if (a,b) N A # ().
Example 1.11 The set of all integers Z is not dense in R.

The following shows that the set of rational numbers a dense subset of R which Q is an
important dense subset.

Proposition 1.12 For each pair of real numbers a and b with a < b, then we have (a,b) N
Q # 0. In this case, the set of all rational numbers is dense in R.

Proof: Note that we may assume 0 < a < b. (Why?) By using Corollary 1.9, there is
a positive integer N such that 1/N < b — a and hence, we have 1 < Nb — Na. On the
other hand, let p := max{k € N : k < Na}. This implies that Na < p + 1. In addition,
since Nb — Na > 1, we have p +1 < Nb. Therefore, we have Na < p+ 1 < Nb. Thus,
% € QN (a,b). The proof is finished. O

Before showing the following proposition, we have a simple but useful observation first.

Lemma 1.13 Let e, f € R. Then we have e < f if and only if for all € > 0, we have
e< f+e.

Proposition 1.14 There is a unique real number x such that x> = 2. Consequently, such
real number is irrational.



Proof: Let S := {x > 0: 2% < 2}. Note that 1 € S, hence, S # (. On the other hand,
if z > 2, then 22 > 4. This implies that the set S is bounded by 2 and thus, the set S is
bounded above. Then the Axiom of Completeness assures that a := sup S exists. We are
going to show that a? = 2 as required.

We first note that by the characterization of the sup, for each positive integer n, there is
an element x,, € S such that a — % < xp. This implies that

1 2 1 4 1
2 2 _ 2
a <($n+ﬁ) _x"+ﬁ$"+ﬁ<2+ﬁ+ﬁ (1.1)

It is noted that we have %—i— # < % for all positive integer n. Therefore, we have inf {% + # :
n =1,2...} =0 because inf{l/n :n =,1,2....} = 0. This implies that for any € > 0, there
is a positive integer m such that % + # < €. Therefore, we have

a?<2+¢

for all € > 0. Lemma 1.13 implies that a? < 2.
Finally, it remains to show that a? < 2 is impossible. Assume that a? < 2. Then by using
the fact inf{% + # :n = 1,2....} = 0 again, one can choose a positive integer N such that

% + ﬁ < 2 —a?, and hence, we have a? + % + % < 2. This implies that
2 1 4 1
2 _ 2 2
Thus, we have (¢ +1/N) € S and a < a+ 1/N. It leads to a contradiction. Therefore,
2
a® = 2.
The uniqueness clearly follows from the fact that if > = b?> = 2, then we have a? — b? =
(a—0b)(a+b)=0.
Now write v/2 := supS. Then by above we have (v/2)? = 2. Suppose that v/2 = p/q is
rational, for some positive integers p and q. We have p? = 2¢. Then by the Unique Prime
Factorization theorem, there are natural numbers n and s such that p = 2"s and s is not
divided by 2. Similarly, there are natural numbers m and ¢ such that ¢ = 2"t and ¢ is not
divided by 2. Thus, we have

From this we have 2n = 2m + 1. It is impossible. The proof is complete. ([l

Theorem 1.15 For any open interval (a,b), we have (a,b) N Q¢ # 0, i.e., the set of all
irrational numbers is dense in R.

Proof: We may assume that a > 0 and hence, we have v/2a < v/2b. Since Q is dense in
R, there is an element 7 € Q N (v/2a, v/2b). Hence, we have

r
a< — <b.

V2

Since v/2 is irrational and r is rational, we see that the number % is irrational as required.
O



2 Sequences

A sequence of real numbers means that it is a real-valued function z defined on Z (or N).
Write x,, := z(n) for n = 1,2... and = = (z,).

The following definition plays a very important role in mathematics.

Definition 2.1 We say that a sequence (zy,) is convergent if there is a number L € R which
satisfies the following condition:
For any € > 0, there is a positive integer N = N (€) (depends on the choice of €), such that

|z, — L| <e  whenever n > N.

In this case, we say that (x,,) converges to L and L is a limit of (x,). If such L does not
exist, we say that (xy) is divergent.

Remark 2.2 Using the notation above, we have:

(i) A number £ is Not a limit of (xy,) if there is € > 0 such that for any positive integer
N, we can find a positive integer n with n > N so that |z, — | > €.
Warning: in this case, it does not imply that (x,) is divergent !!!!

(ii) The Definition 2.1 is clearly equivalent to the following statement:
there is a constant C' > 0 such that for any n > 0, there is a positive integer N
satisfying |z, — L| < Cnpasn > N.

The following is one of important properties of limits.

Proposition 2.3 If (x,) is a convergent sequence, then its limit is unique.
In this case, we write lim x,, for “the” limit of (x,).

Proof: Let L and L' be limits of (x,,). Then for any € > 0, there are positive integers N
and N’ such that |z, — L| < ¢ for any n > N and |z, — L'| for any n > N’. Now if we
choose a positive m so that m > N and m > N’, then we have

|L—L'| <|L— x|+ |zm — L'| < 2e.

Therefore, we have |L — L'| < 2¢ for all £ > 0. This implies that |L — L'| = 0 and thus,
L = L'. Otherwise, if we choose 0 < & < £|L — L’|, then it leads to a contradiction. O

Example 2.4 Show that if x, := Z—ﬂ forn =2,3.., then the sequence limzx, = 1.

Proof: Note that for each positive integer n with n > 2, we have |z, — 1| = —2;. Now let
g > 0. Therefore, we have |z, — 1| < ¢ if and only if % + 1 < n. The Archimedean property
tells us that there is a positive integer IV such that N > % + 1. Hence, we have |z, — 1| < &
as n > N. The proof is complete. [l

Example 2.5 Let x,, = (—1)" for n =1,2.... Show that the sequence (x,) is divergent.



Proof: Warning: It is clear that neither 1 nor —1 both is the limit of the sequence of (x,).
However, we cannot conclude from the Definition 2.1 that the sequence (z,) is divergent
since the sequence () may converge to the number which is other than 1 and —1.

Now suppose that the sequence (z,,) is convergent with L := lim x,,. Now if for each positive
integer N, put Ay := {x,, : n > N}, then Ay = {1, —1}. Therefore, for any positive integer
N the intersection (L — 1/4, L + 1/4) N Ay contains at most one point. This implies that
for any positive integer N, there is m > N such that x,, ¢ (L — 1/4,L + 1/4), that is,
|z, — L] > 1/4. Tt leads to a contradiction since L is the limit of (x,) by the assumption.
O

Example 2.6 Show that if x, = n for all n = 1,2..., then the sequence (xy) is divergent.

Proof: suppose not, we assume that the sequence (z,) converges to some number L.
Then by Definition 2.1, if we consider € = 1, then there is a positive integer N such that
|z, —L| < 1for all n > N and thus, n < |L|+1 for all n > N. This implies that n < |L|+1
for all positive integers n. This contradicts to the Archimedean property. (|

Using the similar idea as the proof of Example 2.6, one can obtain a more general result as
follows.

Proposition 2.7 FEvery convergent sequence is bounded.

Proof: Let (z,) be a convergent sequence with the limit L. If we take ¢ = 1 in the
Definition 2.1, there is a positive integer N such that |z, — L| < 1 for all n > N. Hence,
we have |z, | < |L| + 1 for all n > N. Thus, if we take M := max{|z1|,...,|zn_1|,|L| + 1},
then we have |z, | < M for all n = 1,2,... Thus, (x,) is bounded. O

Proposition 2.8 Let (x,) and (y,) be the convergent sequences. Let a := limz, and
b :=limy,. We have the following assertions.

(i) (zn + yn) is convergent with im(z,, + y,) = a + b.
(i) The product (x,yy) is convergent with lim z,y, = ab.

(113) If yn # 0 for alln and b # 0, then the sequence (x,,/yy) is convergent and lim x,, /ypm =
a/b.

Proof: For showing (7): let ¢ > 0. Then there is a positive integer N such that |z, —a| < &
and |y, — b| < e for all n > N. This implies that
[(@n 4+ yn) — (@ +b) < |zn —af + [yn — b] < 2¢

for all n > N. Thus, (x, + y,) is convergent with lim(z, + y,) = a + b.

For (ii), let € > 0 and let N be chosen as in Part (). Since (y,) is convergent, (y,) is
bounded and hence, there is M > 0 such that |y,| < M for all n. Hence, the triangle
inequality implies that

[ZnYn — ab| < |TnYn — ayn| + |ayn — ab| < |z, — allyn| + |al|yn — 0] < (M + |a])e



for all n > N. This implies that (z,y,) is convergent and lim x,y, = ab.

For showing (ii1), it suffices to show that the sequence (yi) converges to 1/b by using Part

(i). !
Let € > 0 and N be as in Part (7) again. It is noted that since b # 0, by using the Definition
2.1 there is a positive integer N1 > N such that |y, — b| < @ for all n > Nj. This gives

|yn| > @ for all n > N;. Hence, we have

1 1 —b 2
|77*|:|yn ’§j5
Yo O ynllbl T 0]

for all n > Nj. The proof is complete. O

Proposition 2.9 Let (zy,) and (y,) be the convergent sequences with the limits a := lim x,,
and b:=limy,. If v, <y, for alln=1,2..., then a <b.

Proof: It suffices to show that a < b+ ¢ for all € > 0; otherwise, if b < a, then by taking
e=a—0b>0 we have a < b+ (a — b) = a which is impossible. Now let ¢ > 0. Then there
is a positive integer N such that |z —a| < € and |yny — b| < e. This implies that

a—e<xzy <yny <b+e.

Thus, we have a < b+ 2¢. The proof is complete. [l

Proposition 2.10 Let (z,), (yn) and (z,) be the sequences which satisfy x,, < yn < zy for
allm. If a :==limx,, = lim z,,, then (y,) is convergent and limy,, = a.

Proof: Let € > 0. Then by the Definition 2.1, there is a positive integer N such that
|z, —a| < e and |z, —a| < e for all n > N. This implies that

a—e<zp <y <zp<a+e¢

for all n > N. Hence, we have |y, — a| < € for all n > N. The proof is finished. O

Proposition 2.11 let S be a non-empty bounded above subset of R. Then a number L =
sup S if and only if L is an upper bound for S and there is a sequence (xzy) in S such that
limz, = L.

Proof: For showing (=), assume L = supS. Then L is an upper bound for S by the
definition. It suffices to show that there is a sequence (x,) in S such that limx, = L.
Recall the characterization of supremum that for any € > 0, there is an element x € S such
that L — e < x. From this for each positive integer n, there is an element x,, € S such that
L— % < xp, < L. This implies that |z, — L| < % for all n and thus, lim x,, = L as required.
The converse is clear due to the characterization of supremum again. O

Definition 2.12 A sequence (x,,) is said to be increasing (resp. decreasing) if x, < Tpi1
(resp. xy > xpyq for all n.



Theorem 2.13 Let (z,,) be an increasing (resp. decreasing) sequence. Then (xy) is con-
vergent if and only if (x,,) is bounded. In this case, we have limx,, = sup{x, : n = 1,2...}
(resp. lim x,, = inf{x, :n =1,2...}).

Proof: Assume that (z,) is increasing. It is noted that this part (=) is always true even
(z,) is not increasing.

Now for showing the part (<), assume that (z,) is bounded. Then the set S := {z,, : n =
1,2,...} is bounded. The Axiom of Completeness tells us that L := sup(S) exists. We are
going to show that limx,, = L. In fact, for any € > 0, there is an element xz € S such that
L —e < xn because L = sup(S). Since (x,,) is increasing, we have L —¢ < oz < z,, < L for
all n > N. Hence, |z, — L| < € for all n > N. Therefore, (x,) converges to L as desired.
When (z,,) is decreasing, the assertion can be obtained by considering the sequence (—x,).
U

Example 2.14 Then the following limit exists
lim(1 + )"
e :=lim )"
n

Proof: For each positive integer, let

1
zn = (14 )™

They by using Proposition 2.13, it suffices to show that (xy) is a bounded increasing se-
quence.
We first claim that (x,,) is increasing. In fact, by the Binomial Theorem, we see that

T B T L R UL R B e N

k! nk k! n n
k=2 k=1

It is noted that each term in above is positive and the coefficients of % for2<k<ninx,
and Tp+1 are

1 2 k—1 1 2 k—1

A== =mm) and (L= o) =om) (U

)

respectively. From this we see that x, < xpy1 for all n and thus, the sequence (xy,) is
nCereasing.
It remains to show that (x,,) is bounded. In fact, for each 2 < k < n we have

1 1 2 k-1 1
—(1-——)1-=)---(1- < —.
S= )= D) (1= ) <
Then
"1
xn<1+1+22—k<3.
k=1
The proof is complete. O

Remark 2.15 The limit e in the Example 2.14 above is very important in mathematics
which is called the natural base today. It was first induced by Euler. In fact, x, := (1 + %)”
is motivated by the Compound interest formula.



Theorem 2.16 Nested Intervals Theorem Let (I, := [an, by]) be a sequence of closed
and bounded intervals. Assume that [y O I D I3 D .... Then we have ﬂle I, # 0.
Furthermore, if we further assume that lim,, (b, —a,) = 0, then there is a unique real number
¢ such that (2, I, = {c}.

Proof: It is noted that since (I,,) is a decreasing sequence of closed and bounded intervals,

we have
ap <ag < <ap <bp Kby < <be < by

for all positive integers n. Therefore, (a,) and (b,) are bounded and they are increasing
and decreasing and respectively. This implies that (x,) and (y,) both are convergent and
a := lima, = sup{a, : n = 1,2...} and b := limb,, = inf{b, : n = 1,2...}. In addition, we
have a < b because a,, < b, for all n. Thus, if we fix some ¢ such that a < ¢ < b, then
cE ﬂf;o:l I,, as desired because we have a,, < a <c¢ <b<b, for all n.

It remains to show (2, I, = {¢} if lim(b, — a,) = 0. In fact,if ¢ ¢ in (), ; I, then we
have |¢ — | < |b, — ay| for all n. This implies that |¢ — ¢/| = 0 and thus, ¢ = ¢/. The proof
is finished. O

Remark 2.17 The assumption of the boundedness and closeness of the intervals I,, cannot

be removed in the Nest Intervals Theorem.
For example, if I, := (0,1) and J,, := [n,00), for all n = 1,2, ..., then NI, =N J, = 0.

‘n

3 Subsequences

Definition 3.1 A subsequence (xn, )72, of a sequence (xy,) means that (ng)72, is a sequence
of positive integers satisfying ny < ng < --- < ng < ngy1 < ---, that is, such sequence (ny)
can be viewed as a strictly increasing function n: k € {1,2,..} — ng € {1,2,...}.

Remark 3.2 In this case, note that for each positive integer IV, there is K € N such that
ng > N and thus we have ng > N for all k > K.

Proposition 3.3 If (z,,) is a convergent sequence, then any subsequence (xy,) of (zy)
converges to the same limit. In this case, we have limy, x,, = lim x,,.

Proof: We assume that limxz,, = a € R exists. Let (z,,) be a subsequence of (z,). We
claim that limz,, = a. Let ¢ > 0. In fact, since lim z,, = a, there is a positive integer N
such that |a — x| < ¢ for all n > N. Note that by the definition of a subsequence, there is
a positive integer K such that n; > N for all £ > K. Hence, we see that |a — x,, | < € for
all k > K. Thus we have limj_,o 25, = a. The proof is complete. ]

Theorem 3.4 Bolzano-Weierstrass Theorem (write B-W Theorem for short):
Every bounded sequence has a convergent subsequence.

Proof: We give two different proofs in here, however, each proof basically is due to the
Axiom of Completeness.

Let (z,,) be a bounded sequence and put X := {x,, : n = 1,2,..}. The Theorem clearly
holds if X is a finite set. In fact in this case, there must have an element x,, appears infinite
many times. Hence, we can choose a subsequence (z, ) so that x,, = x,, for all k =1,2....



Thus we may assume that the set X is infinite.

Method 1:

Since () is bounded, there is a closed and bounded interval I = [a1, b1] such that z,, € I)
for all n. Put z,, := z;.

It is noted that one of the following sets must be infinite:

a1 + b1 ar + b
byl}.
2 y bl

We may assume that the set Ao is infinite. Hence there is an element no € Ay such that

Ay :i={n€Z, : 2, € ay, 1} Bai={n€Zy:x, €]

ny < ng. Put Iy := [ag, ba] = [ay, %Lbl] Thus z,, € Iy. Similarly, one of the following sets
is infinite:
b b
Agi={n€Zy:m, € [az,‘”; )} By:={n€Zy:m,€ [”T“,bz]}.

In addition, we may assume that the set Ag is infinite. Hence, there is an element ng € As
such that ny < ny < ns. Put I3 := [ag, b3] = [ag, %] Thus, x,, € I3. By repeating the
same step, we can get a decreasing sequence of a closed and bounded intervals Iy, = [ay, by]
and a subsequence (x,, ) of (z,) such that the following conditions hold:

1. hm(bk - ak) = lim 2%(()1 - al) =0.
2. xy, €I forall k=1,2....

The Nest Intervals Theorem tells us that there is a number ¢ such that ¢ € I}, for all k£ and
hence, we have |z, —c| < (by —ag) = #(bl —ay) — 0. Therefore the subsequence (z,, ) is
convergent as required. The proof is finished.

Method 2

This method is the Weierstrass’ original proof.

Recall our assumption that the set X = {x,, : n =1,2...} is infinite. Let

S:={reR: (z,00)N X is infinite}.

We first note that since (x,) is bounded, there are real numbers m and M so that m <
xn < M for all n. Since the set X = {x,, : n = 1,2...} is infinite, the set S is a bounded
above non-empty set because m € S and x < M for all x € S. The Axiom of Completeness
implies that L := sup(S) must exist. We want to show that there is a subsequence (zy, ) of
(z5,) which converges to L.

Claim: For any ¢ > 0, there is an element u € S such that |u — L| < € and (u, L +¢]NX
is infinite.

In fact, if let € > 0, then by the characterization of the supremum there is an element u € S
such that L — e < u. Since u € S, we have (u,00) N X is infinite. It implies that the set
(u, L + €] N X must be infinite, otherwise, (L +¢,00) N X is infinite and thus, L +¢ € S by
the construction of S. It leads to a contradiction because L is an upper bound for S. Thus,
the Claim follows.

Now for € = 1, then there is u; € S such that L—1 < u; < L+ 1. Then by the Claim above,
choose =, € (u1, L+1] and hence, L —1 < z,, < L+ 1. Next, we considering ¢ = 1/2,then
there is an element ug € S such that the set (ug, L + 1/2] is infinite by the Claim above
again. Therefore we can find z,, such that ny <ng and L —1/2 < ug < zp,, < L+1/2. By
repeating the same step and considering € = % for k = 1,2... in the Claim above, we can
get a subsequence (zy, ) of (z,,) such that L — ¢ < x,,, < L+ 1 for all k = 1,2.... Therefore,
(xn,) is a convergent subsequence of (x,) with the limit L. The proof is complete. O

10



Remark 3.5 The assumption of the boundedness of (x,,) cannot be removed. For example,
let z, = n for all n = 1,2.... Then (z,) does not have a convergent subsequence because
|Ty, — | > 1 for n # m.

Proposition 3.6 Let (x,) be a bounded sequence. For each positive integer n, put
ap :=inf{xy : k >n} and b, :=sup{zg:k>n}.
Then we have the following assertions.

(i) The limits lima,, and limb,, always exist with li@n < limb,. In this case, we write
limz, := lima, (called the iminf of (x,)) and limx,, = limb, (called the limsup of

(ii) (xy) is convergent if and only if limx, = limz,,. In this case, we have limx, =
limz,, = limz,,.

149 ere exists a subsequence (x,,) of (x,) suc at limz,, = limz,. Consequently,
1i1) Th st b . h that li . 1 C tl
the Bolzano-Weierstrass Theorem holds.

Proof: For showing part (i), we note that if a, < x for all k& > n, then a, < xj for
k > n+1. Thus, we have a, < an41 for all n. Similarly, we have b1 > b,. Thus, we have
ap < ap < apt1 < bpp1 < by <--- < by for all n. This implies that (a,,) and b, both are
bounded monotone sequences. Therefore, lim a,, and lim b,, both exist. In fact, we have

limz, =sup inf z;; < limx, = infsup x;.
n k>n n k>n

For part (i), we first assume that [ := lim z,, exists. Thus, for any € > 0, there is a positive
integer NV such that | — e < x,, <[+ ¢ for all n > N. Then by the definition of a,, and b,
we have

l_egangbn§l+5

for all n > N. Thus, we have |b, — a,| < 2¢ for all n > N. By taking n — oo, this gives
[limz,, — limz,| < 2¢ for all £ > 0, and hence, we have limz,, = limz,,.

Now for showing the converse (<), we assume that we have [ := limz,, = limz,,. Then for
any ¢, there is a positive integer N so that | —e < a, < b, <l +¢€ for all n > N. Since we
always have a,, < zp < b, for all £ > n. Therefore, we have | —¢ < zp <l+eforallk > N
and hence, limz; = [.

For proving part (iii), we are going to construct a subsequence (x,,) of (x,) so that
limz,, = limz,. Let L := limxz,. It is noted that for any € > 0, there is a positive
integer N so that L — e < b, := sup>, r < L+ ¢ for all n > N. This implies that
zp < L+e¢eforall k> N. -

If we fix n > N, since L—¢ < b, for all n > N, we can choose n > 0 such that L —e < b, —n.
Using the characterization of surpemum, we have L — e < b, — n < x,, for some m > n.
Therefore, we have shown that

Ve >0,AN,Yn>N,Im >n sothat L—e<uxz, <L-+e. (3.1)

Now for considering ¢ = 1 in 3.1, there is Ny so that L — 1 < z,, < L + 1 for some
ny > Nj. Next, for considering ¢ = 1/2 in 3.1, there is Na so that for any n > Na, we have
L—-1/2 <z, < L+ 1/2 for some m > n. Thus, if we choose n > Ny and n > ni, then
there is ng > n so that ng >ny and L — 1/2 < x,, < L+ 1/2.
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Similarly, if we take e = 1/3, there is a positive integer N3 so that for any n > N3 we have
L—-1/3 < zp < L+ 1/3 for some m > n. Therefore, if we take n > N3 and n > ng, then
there is n3 > n such that L — 1/3 < z,, < L+ 1/3 and ng > no.

To repeat the same steps, we get a strictly increasing sequence of positive integers (ny) so
that L —1/k < zp, < L+ 1/k for all k. Thus, (z,,) is a convergent subsequence with the
limit L. The proof is complete. ]

Proposition 3.7 Let (xy,) and (y,) be bounded sequences. Then we have
(i) Tn(—an) = —lima,
(i3) lim(azx,) = a(limz,) for a > 0.
(idi) limz, + limy, < lm(z, +y,) < Hm(z, + y,) < lima, + limy,
Proof: Parts (i) and (ii) are clear. We want to show part (i7i) and claim that
Lim(z, + y,) < limz,, + limy,,.

Let b := limz,, and ¢ := limy,,. Let € > 0. Then there is a positive integer N such that
b, <b+eand ¢, < c+eforalln > N. This implies that xr +yr < b, + ¢, < b+ c+ 2¢
for all & > n > N. Therefore, we have supy~,(zr + yr) < b+ c+ 2 for all n < N
and thus, im(z, 4+ yp) = limy, supgs, (@ + y&) < b+ ¢+ 2¢ for all e > 0. This gives
lim(z,, + yn) = limy, supgs,, (T + yr) < b+ c as desired.

By considering the sequences (—x,) and (—yy) in above, we see that limz, + limy, <
lim(zy, + yp). the proof is complete. O

Remark 3.8 It is noted that in general we don’t have the equality@(xn +yn) = @xn +
limy,,. For example, if we let z,, = (—1)"*! and y,, = (—1)", then lim(z,, + y,) < limz,, +
Timy,,.

4 Compact Sets

Motivated by the Bolzano-Weierstrass Theorem, the following notation plays a very impor-
tant role in Mathematics.

Definition 4.1 A subset A of R is said to be compact if for any sequence (x,) in A, there
is a convergent subsequence (xy, ) of (zy) such that limx,, € A.

Example 4.2 Clearly, R and (0,1) are not compact.

Proposition 4.3 FEvery closed and bounded interval is compact.

Proof: Recall a closed and bounded interval that it is a set [a,b] := {z : @ < x < b} for
some —o0 < a < b < 0.

Let (x5,) be a sequence in [a,b]. Then (z,) is a bounded sequence. The Bolzano-Weierstrass
Theorem gives a convergent subsequence (xy,). It is noted since a < z,, < b for all
k=1,2.., we have a < limz,, <b. Thus, limz,, € [a,b] as desired. O
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Remark 4.4 However, a compact set need not be a closed and bounded interval. For
example, [0,1] U {2} is a compact set but it is not an interval.

In the remainder of this section, we give a characterization of a compact set.

Definition 4.5 Let A be a subset of R. A point x is called a limit point (or cluster point)
of A if for any € > 0, there is an element a € A such that 0 < |z — a| < €, i.e., there is
an element a € A with © # a such that |x — a| < e. We write D(A) for the set of all limit
points of A.

Furthermore, A is said to be closed if D(A) C A.

Example 4.6
(i) If A= (0,1]U {2}, then D(A) = [0,1]. Hence, A is not closed since 0 € D(A) \ A.
(ii) If A =17, then D(A) = () and thus, Z is a closed set.

Proposition 4.7 Let A be a subset of R. Then the following statements are equivalent.
(i) A is closed.
(ii) If (zy) is a sequence in A and is convergent, then limx,, € A.

Proof: For (i) = (ii), assume that A is closed but the condition (i) does not hold. Then
there is a convergent sequence (z,) in A but the limit [ := limx,, ¢ A. Since A is closed,
D(A) C A. Thus, [ is not a limit point of A. This implies that there is § > 0 so that
(1—=06,140)\{l})nA = 0. Since limz, = I, there is a positive integer N such that
|zy — 1| < d. Note that we have | # zx because [ ¢ A. Hence, zy € (I —0,1+0)\{I})NA
which leads to a contradiction. Therefore, (i7) holds.

For (ii) = (i), let z € D(A). Then for any £ > 0, there is an element z € A such that
0 < |z — z| < e. Therefore, for each positive integer n, there is an element x,, € A such
that 0 < |z, — 2| < 1/n and thus, z := limz,,. The assumption (¢) implies that z € A.
Therefore, D(A) C A. The proof is complete. O

Definition 4.8 For a subset A of R, put
A=AUD(A).

The set A is called the closure of A.

Example 4.9 We have the following examples.

1. (0,1 = [0,1].

<l
I

2. R.
3. 7 ="17.

N

Proposition 4.10 Let A be a subset of R. Then we have the following assertions.
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1. A is closed.
2. A is closed if and only if A= A.

3. z € A if and only if for any § > 0, there is an element a € A so that |z —a| < § if
and only if there is a convergent sequence (x,) in A so that z = lim x,,.

4. A is the smallest closed set containing A, i.e., if B is a closed set containing A, then

ACB.

Proof: For showing part (1), we need to show that D(A) C A. Suppose not, assume
that there is an element 2 € D(A) but z ¢ A. Since 2z ¢ A, there is § > 0 such that
(2= 6,2+ 6)N A =10. On the other hand, there is an element b € (2 — 6,z + ) N A because
z € D(A). Now choose r > 0 such that (b —r,b+ 1) C (2 — 8,2+ §). Using the definition
of limit points again, we can find some element a € A such that a € (b—r,b+ r) and thus,
a € (z—90d,z+06)NA. It leads to a contradiction because (z — 4,2+ )N A = @) by the choice
of 6.

Parts (2)-(4) can be shown by the definition of limit points directly. Try to do it by yourself.
U

Recall that a subset A of R is said to be dense in R if for any open interval I, we have
INA#0.

Proposition 4.11 Let A be a subset of R. Then A is dense in R if and only if A = R.

Proof: For showing (=): assume that A is a dense set. Let z € R. Then for any § > 0,
we have (z — 0,2 + ) N A # () by the definition of a dense set. Hence, there is a € A such
that |2z — a| < 6. Thus, z € A by Proposition 4.10(3) above.

Conversely, assume that A = R. Let I be an open interval. We want to show I N A is
non-empty. Fix an element z € I. Since [ is an open interval, we can choose é > 0 such
that (z — 9,2+ 6) C I. Since A = R, by using Proposition 4.10(3) again, there is an element
a € A such that |z — a| < §. Therefore, a € (z — §,2+ ) N A and hence, I N A # (). The
proof is finished. O

Theorem 4.12 Let A be a subset of R. Then A is compact if and only if A is a closed and
bounded subset.

Proof: For showing the necessary part, we assume that A is compact.

We first claim that A is bounded. Suppose that A is unbounded. If we fix an element
x1 € A, then there is x5 € A such that |x1 — x| > 1. Using the unboundedness of A, we can
find an element x3 in A such that |x3 — x| > 1 for k = 1,2. To repeat the same step, we
can find a sequence (z,) in A such that |z, —x,,| > 1 for n # m. Thus A has no convergent
subsequence. Thus A must be bounded

Finally, we show that A is closed. Let (z,,) be a sequence in A and it is convergent. It needs
to show that lim,, z,, € A. Note that since A is compact, (x,) has a convergent subsequence
(2n,) such that limy x,, € A. Then by Proposition 3.3, we see that lim,, z,, = limy, z,,, € A.
The proof is finished.

Conversely, we suppose that A is closed and bounded. Let (x,) be a sequence in A and
thus (z,,) is a bounded sequence in R. Then by the Bolzano-Weierstrass Theorem, (z,,) has
a convergent subsequence (z,, ). Since A is closed, limy z,,, € A. Therefore, A is compact.
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Example 4.13 Let A= {1/n:n=1,2,..} U{0}. Then A is a compact set.

A is clearly bounded. Then by Theorem 4.12, it suffices to show that the set A is closed.
Clearly, 0 € D(A). We are going to show D(A) = {0}. In fact, if z # 0, clearly we can
find some r > 0 such that the intersection (z — r,z +r) N A contains at most one point.
Therefore, if z # 0, then z ¢ D(A). Thus, D(A) = {0}. Hence, the set A is closed as
desired.

In the rest of this section, we are going to use another description of a compact set.

For convenience, we call a collection of open intervals {J, : a € A} an open intervals
cover of a given subset A of R, where A is an arbitrary non-empty index set, if each J, is
an open interval (not necessary bounded) and

AC UJQ.

aEA

Theorem 4.14 Heine-Borel Theorem: Any closed and bounded interval [a, b] satisfies
the following condition which is called the Heine-Borel Property.

(HB) Given any open intervals cover {Jo}taecn of [a,b], there are finitely many Jo,, .., Jay
such that [a,b] C Jo, U« U Jay

Proof: Suppose that [a,b] does not satisfy Heine-Borel Property. Then there is an open
intervals cover {J4}aea of [a,b] but it it has no finite sub-cover. Let I := [a1,b1] = [a,b]
and mj the mid-point of [a1,b1]. Then by the assumption, [a1, m1] or [mq,b;1] cannot be
covered by finitely many J,’s. We may assume that [a1, m;] cannot be covered by finitely
many Jy’s. Put I := [ag, ba] = [a1, m1]. To repeat the same steps, we can obtain a sequence
of closed and bounded intervals I,, = [a,, b,] with the following properties:

(@) 12232 ;
(b) limy, (b, — a,) = 0;
(c) each I,, cannot be covered by finitely many J,’s.

Then by the Nested Intervals Theorem, there is an element § € (), I, such that lim,, a,, =
lim, b, = £. In particular, we have a = a; < £ < by = b. Hence, there is ag € A such that
€ € Ju,- Since J,, is open, there is € > 0 such that (§ —¢,{+¢) C Ju,. On the other hand,
there is N € N such that ay and by in (£ —,& + ¢) because lim,, a,, = lim,, b, = . Thus
we have In = [an,by] C (£ —e,{+¢) C Jy,. It contradicts to the Property (c) above. The
proof is complete.

O

Remark 4.15 The assumption of the closeness and boundedness of an interval in Heine-
Borel Theorem is essential.

For example, notice that {J, := (1/n,1) : n = 1,2...} is an open interval covers of (0,1) but
you cannot find finitely many J,,’s to cover the open interval (0, 1).
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Lemma 4.16 A subset A is a closed subset of R if and only if for each element x ¢ A,
there is v > 0 such that (x —r,x +r)N A= 0.

The following is a very important feature of a compact set.

Theorem 4.17 Let A be a subset of R. Then the following statements are equivalent.

(i) For any open intervals cover {Jo}aen of A, we can find finitely many Jo,, .., Joy such
that AC Ja, U+ UJay .

(ii) A is compact.
(iii) A is closed and bounded.

Proof: The result will be shown by the following path
(1) = (11) = (i1i) = (4).

For (i) = (1), assume that the condition (i) holds but A is not compact. Then there is
a sequence () in A such that (x,) has no subsequent which has the limit in A. Put
X ={z, : n =1,2,..}. Then X is infinite. Note that for each element a € A, there
is d, > 0 such that J, := (a — d4,a + d4) N X is finite. Indeed, if there is an element
a € A such that (a — d,a + §) N X is infinite for all 6 > 0, then (z,) has a convergent
subsequence with the limit a. On the other hand, we have A C (J,c4 Jo- Then by the
compactness of A, we can find finitely many a1, ...,an such that A C J,, U---UJ,, . Hence,
we have X C J,, U---UJ,,. Then by the choice of J,’s, X must be finite. This leads to a
contradiction. Therefore, A must be compact.

The implication (ii) = (i7i) follows immediately from Theorem 4.12.

Finally we want to show (ii7) = (7). Suppose that A is closed and bounded. Then we can
find a closed and bounded interval [a, b] such that A C [a,b]. Now let {J,}aeca be an open
intervals cover of A. Note that for each element x € [a,b] \ A, there is d, > 0 such that
(x =0z, x+0d;)NA = () since A is closed by using Lemma 4.16. If we put I, = (2 — 0z, 2+ 05)
for = € [a,b] \ A, then we have

a0 | JJau |J L

acl zea,b)\A

Using the Heine-Borel Theorem 4.14, we can find finitely many J,’s and I,’s, say Jq,, ..., Jay
and I, ..., I, such that A C [a,b] C Jo, U---UJyy Ul U---UI,, . Note that I, NA =
for each z € [a,b] \ A by the choice of I,,. Therefore, we have A C J,, U---UJ,, and hence
A is compact.

The proof is complete. 0

Remark 4.18 In fact, the condition in Theorem 4.17(i) is the usual definition of a compact
set for a general topological space. More precisely, if a set A satisfies the Definition 4.1,
then A is said to be sequentially compact. Theorem 4.17 tells us that the notation of the
compactness and the sequentially compactness are the same as in the case of a subset of R.
However, these two notations are different for a general topological space.
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5 Cauchy sequences

The following notation is the landmark in the development of the 20th century mathematics.

Definition 5.1 A sequence (x,) is called a Cauchy sequence if it satisfies the following
condition:

for any € > 0, there is a positive integer N so that |z, — x,| < € whenever m,n > N.

Remark 5.2 According to the definition of a Cauchy sequence, a sequence (z,) is not a
Cauchy sequence if there is € > 0 so that for any positive integer N, we can find some
m,n > N such that |z, —x,| > €.

Theorem 5.3 Cauchy Criterion: A sequence (x,) is convergent if and only of it is a
Cauchy sequence.

Proof: The necessary part is clear. In fact, if (x,) is a convergent sequence with the limit
L, then for any £ > 0, there is a positive integer N such that |[z_L| < ¢ for all n > N.
Therefore, we have

|Tm — zn| < |zm — L|+|L —x,| <2 asm,n>N.

Conversely, we assume that (z,) is a Cauchy sequence.

We first Claim that (x,,) is a bounded sequence. In fact, since () is a Cauchy, we can find
a positive integer Ny such that |z, —zn,| < 1 for all m > N; and thus, |z,,| < 1+ |zN,]
for all m > Nj. Therefore, we have |z,,| < max(|z1], ..., |xn,—1|, |zn,| + 1) for all positive
integers m.

The Bolzano-Weierstrass Theorem tells us that (z,) has a convergent subsequence (zy, ).
Let L := limy, xp, . If we show that L is the limit of (x,,), then the proof is finished.

Let € > 0. Then there is a positive integer N such that |z, — x,| < & as m,n > N. On the
other hand, since L = limy, x,, , we can choose K large enough such that |L — x| < ¢ and
ng > N. This implies that for any n > N, we have

|zy, — L| < |y — Tng| + |Tn, — L] < 2e.
The proof is complete. U
Example 5.4 Let s, = > ._;1/k. Then (s,) is not a Cauchy sequence and thus, (sy) is

divergent.
In fact, it is noted that for n < m, we have

| | n 1 sm-n

Sm — Sn| = : — )

" " n+1 m-  m

Hence, we always have |sa, — Sp| > % for all n. Thus, if we take ¢ = 1/2, then for any
positive integer N by taking n = N and m = 2N, we have |san — sn| > 1/2 = €. Hence,

(sn) is not a Cauchy sequence.
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Remark 5.5 A sequence (z,) properly converges to +oo (resp. —oo) if for any M > 0,
there is a positive integer N so that z, > M (resp. x,, < —M) for all n > M. In this case,
we write limx,, = co (resp. limx, = —oc). Warning!!! In this case, the sequence (z,) is
still divergent since oo is NOT a real number, hence, oo is not the limit of ().

Note that the sequence (s,) in Example 5.4 properly converges to +oo. From this we see
n

1
that the sequence ( g —
n
k=1

However, a divergent sequence may not converge properly to co, for example, if we take
z, = 0 as n is odd; otherwise, z,, = n.

)oo, also diverges properly to +oo if a < 1.

Example 5.6 Let t, =) ,_; k% Then the sequence (t,) is convergent. Using the Cauchy

Theorem, we need to show that (t,,) is a Cauchy sequence.
It is noted that for n < m, we have

AN | “ 1 m 1 1. 1 1 1
| =D =< D =T G =<
k=n+1 k=n+1 k=n+1

Thus, if we are given € > 0, then we choose a positive integer N so that % < € for all
n > N. Therefore, |t,, — t,| < & whenever m >n > N. The proof is complete.

Remark 5.7 We have the following implications in R.

Axiom of Completeness = Bounded Monotone Convergent Theorem (Theorem 2.13) =
Nested Intervals Theroem = Bolzano-Weierstrass Theorem = Cauchy Theorem.

Everything is due to the Axiom of Completeness.

6 Appendix: Bolzano-Weierstrass Theorem and Cauchy Cri-
terion in R™

Throughout this section, for each element z € R™, we write z := (z(1),...,z(m)) and put

We call ||z| the norm of z. Clearly, we have

max |z(k)| < ||z|| < vm max |z(k 6.1

max a(k)] < ol < vim max [o(k) (6.1)
for all x € R™.

For each element x and y in R™, the distance between x and y is defined by ||z — y||. In
this case, one can define naturally the notation of a convergent sequence in R™ as in the R
case. More precisely, we have the following definition.

Definition 6.1 A sequence (z,) in R™ is said to be convergent if there is an element
u € R™ such that limy, ||z, — ul| = 0. Clearly such element is unique if it exists. In this
case we call u the limit of (xy,) and write u := lim x,,.
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By using Eq 6.1, we have the following immediately.

Lemma 6.2 Using the notation as above, a sequence (x,) converges to u in R"™ if and only
if the sequence (x,(k)) converges to u(k) in R for allk =1,...,m.

Naturally, one can also have the following notation as in the R case.

Definition 6.3 (i) A point z in R™ is said to be a limit point of a subset A of R™ if for
every r > 0, there is a point a € A such that 0 < ||z — al| < r. Also, A is said to be a
closed set if A contains all its limit points.

(i) A Cauchy sequence (x,,) in R™ means that if for every e > 0, there is a positive integer
N such that ||zm — x| < € whenever m,n > N.

Theorem 6.4 Cauchy Criterion: A sequence in R™ is convergent if and only if it is a
Cauchy sequence.

Proof: The Eq 6.1 tells us that if a sequence (z,) in R™ is a Cauchy sequence, then so
is for each coordinate sequence (z,(k)) in R for £ = 1,...m. Hence the result is obtained
immediately by using the Cauchy criterion for the real case. g

In the rest of this section, we are going to show the Bolzano-Weierstrass Theorem in
the higher dimensional case. Recall that a subsequence of (x,) in R™ is a sequence in R™
given by a strictly increasing function ¢ : Zy — Z, i.e., it is (z4(;))72;-

Theorem 6.5 Bolzano-Weierstrass Theorem: FEvery bounded sequence in R™ has a
convergent subsequence.

Proof: Let (x,) be a bounded sequence in R™. Thanks to the Eq6.1 again, each coordinate
sequence (z,(k)) is also a bounded sequence of real numbers for £k = 1,....m. As k = 1,
by the Bolzano-Weierstrass for the real sequence case, there is a convergent subsequence
(g, (5)(1))52; of (zn(1)), where ¢y : Zy — Zy is a strictly increasing function. As k =
2, we consider the subsequence (74, (;)) of (z,). Using the Bolzano-Weierstrass for the
real sequence case again, there is a convergent subsequence (74,(;)(2))72; of (z4,(;)(2)),
where ¢o : Z, — Z4 is a strictly increasing function. Next we consider the subsequence
(Tpy0,(j)) Of (T4,(j)), and so is the subsequence of (1), for the case of k = 3. To repeat
the same step, we get a subsequence (74, o...04,(j)) Of (75) so that each coordinate sequence
(T 0001 (j) (K)) is convergent for all k = 1,...,m. Then by the Eq 6.1 again, the subsequence
(Tg,p0--001(j)) 18 convergent in R™ as desired.

([l

7 Limits of functions

Throughout this section let f be a real-valued function defined on a subset A of R.

A point z is called a limit point of A if for any r > 0, there is some element a € A such
that 0 < |xg —a| < r. We write D(A) for the set of all limit points of A. Note that a limit
point of A may not sit in A.
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Definition 7.1 Let ¢ € D(A). A number L is said to be a limit of f at ¢ (note that f(c)
may not be defined!!) if for any €, there is 6 = d(¢) > 0 (depends the choice of €) such that

|f(z) —L| <e wheneverz € A and0< |z —c| <9 .

(Note: we only consider those points in A which are very close to ¢ but do not equal to c!!!)

Remark 7.2 A number L is not a limit of f at ¢ means if there is € > 0 so that for any 9,
we can find some 2/ € A with |2/ —¢| < § but |f(z') — L| > e.

Proposition 7.3 Using the notation as above if f has a limit at c, then its limit is unique.
Consequently, if we write liin f(x) for the limit of f at c, then this notation is well defined.
X (&

Proof: Let L' be a another limit of f at ¢. Let € > 0. Then by the definition above, there
are some positive numbers ¢ and ¢’ so that |f(z)—L| < e for any z € A with 0 < [z —¢| < 4.
Similarly, we have |f(z) — L'| < & for any = € A with 0 < |z — ¢| < §’. Since ¢ € D(A), we
can find some a € A such that 0 < |¢ — a| < §”, where §” = min(d, ). This gives

1L - L <|L - f(a)| +|f(a) = L] < 2.

Since € > 0 is arbitrary, we have L = L’ as desired. Il

Example 7.4 Let A= (0,00). Define f(z) := 2?sini.

(i) Show that lim,_, f(z) = 0.
In fact, it is noted that |2?| < |z| for all z € (0,1). Let ¢ > 0. Thus, if we take
0 < 6 = min(e, 1), then we have

f@) =0l < |e*[ <zl <&
whenever x > 0 with |x — 0] < 4.

(ii) Using the £-6 notation, show that lim,_o f(z) # 1.
Note that if we take e = 1/2, then for any § > 0, we choose a positive integer N such
that 0 < |5= — 0| < &, and we have

1
o) -1 =1>e

Therefore, 1 is not the limit of f at 0.

Proposition 7.5 Using the notation as above, let ¢ be a limit point of A. Then the following
are equivalent.

(i) limy_,. f(x) exists.

(i) If (zy,) is a convergent sequence in A\ {c} with limx,, = ¢, then the sequence (f(xy))
18 convergent.

In this case, limg_,. f(x) = lim f(x,) whenever a convergent sequence (xy) in A\ {c} with
limz, = c.
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Proof: For showing (i) = (ii),we assume that L = lim, . f(z) exists. Let (z,) be a
convergent sequence in A \ {c} with the limit ¢. Let ¢ > 0. Then by the definition of
the limit of a function, we can find 6 > 0 such that |f(z) — L| < £ whenever x € A with
0 < |z —¢| < §. On the other hand, since lim x,, = ¢ and z,, # ¢ for all n, there is a positive
integer N such that 0 < |z, —¢| < 0 for all n > N and thus, |f(x,) — L| < e for alln > N.
Thus, the condition (i) holds.

Suppose that the condition (ii) holds. We first claim that the sequence (f(z,)) converges
to the same limit whenever (z,,) is a convergent sequence in A\ {¢} such that limz,, = ¢. In
fact, suppose that there are two sequences (z,,) and (y,) in A\ {c} with limx,, = limy, = ¢
such that v := lim f(z,) and v := lim f(y,) are not the same. Put w, := z} if n = 2k
and w, := y if n = 2k + 1 is odd. Then limw, = ¢. The assumption (i) implies that
lim f(w,) exists. However, (f(x,)) and (f(yn)) both are the subsequences of (f(wy,)) and
they converge to the different limits. It leads to a contradiction.

Now we fix a sequence (x,) in A\ {c} such that limx, = ¢. Then by the assumption
L := lim f(x,) exists. Suppose that L is not the limit of f(z) at c¢. Thus, there is ¢ > 0
such that for any ¢ > 0, we can find some z’ € A with 0 < |2/ —¢| < d but |f(2') — L| > .
From this, we see that for each positive integer n, there is z/, € A with 0 < |z}, — ¢| < 1/n
but | f(z],) — L| > e. Thus, the sequence (z],) sits in A\ {c¢} and converges to ¢ but L is not
the limit of the sequence (f(z},)). This contradicts to the above observation. Therefore,

n

the part (¢) holds. O

Proposition 7.5, together with Proposition 2.8, we have the following assertion immediately.

Proposition 7.6 Let f and g be the functions defined on A. Let ¢ be a limit point of A.
Assume that L := lim,_,. f(z) and R := lim,_,. g(x) both exist. Then we have the following
statements.

1. lim(f + g)(x) exists and ig%(f +g)(x)=L+R

r—cC

2. lim(f - g)(z) exists and i;l%(f -g)(z)=L-R.

T—C
3. if we further assume that g(x) # 0 for all x € A and R # 0, then lu_rr)l(f/g)(x) exists
and lim (£/9)(@) = L/R.

The following result is regarded as the Cauchy criterion in the case of functions.

Proposition 7.7 Using the notation as before, lim,_,. f(x) exists if and only if for any
e >0, there is 0 > 0 such that |f(z') — f(2")| < € whenever ', 2" € A with 0 < |z’ —¢| < 0
and 0 < |z" — ¢| < 0.

Proof: For showing (=) we assume that L := lim,_,. f(z) exists. Let € > 0. Then there
is 6 > 0 such that |f(z) — L| < e as z € A with 0 < |x — ¢| < §. Thus, if 2/,2” € A with
0<|z/—c] <dand0<|z" —¢| <6, we see that

[f(2) = @) < |f (@) = LI + L = fa")] < 2e.

Hence, the necessary condition holds.
Note that since ¢ is a limit point of A, we can find a sequence Let (z,,) in A\ {c} such that
lim x,, = ¢. Then the necessary condition implies that (f(z,)) is a Cauchy sequence. In fact,
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for any € > 0, the necessary condition above gives § > 0 so that |f(2)— f(2")| < € whenever
2" € Awith 0 < |2/ —¢| < d and 0 < |2” — ¢| < §. Since limz,, = ¢, there is a positive
integer N such that |z, — ¢| < 0 for all n > N and hence, we have |f(z,) — f(xm)| < € for
all m,n > N. Thus, (f(x,)) is a Cauchy sequence. Hence, lim f(z,,) exists. The proof is
complete by using Proposition 7.5.

(]

Definition 7.8 Using the notation as before, let f be a function defined on A and let ¢ be
a limit point of A.
1. We say that f diverges to 400 (resp. —o00) as x tends to c if for any M > 0, there is

d > 0 such that f(x) > M (resp. f(x) < —M) as x € A with 0 < |z —¢| < 0. In this
case, write limy_,. f(x) = +oo (resp. limy_,. f(z) = —00).

2. We further suppose that A is not bounded above. We say that f has a limit L as x tends
to +oo if for any € > 0, there is a positive number R > 0 such that |f(z) — L| < ¢
as x € A with x > R. In this case, a limit must be unique if it exists. Write

lim, o f(x) = L.

Similarly, one can define the notion lim,_, _~ f(x) = L when A is not bounded below.
For simply, when we are talking about notion lim,_, f(x), A has been assumed to be
unbounded above in advance.

3. Similarly, one can give a suitable definition for the notion: lim,_,~ f(x) = +o0.

Proposition 7.9 Using the notation as before, let f, g be the functions defined on A.
(i) If lim, . f(z) = +o00 and lim,_,. g(x) exists, then lim,_,.(f + g)(x) = +o0.
(11) If limg . f(x) = +00 and lim,_,. g(z) > 0 exists, then lim,_,.(f - g)(z) = +o0.
(117) If lim, o0 f(x) = 400 and limy—o0 g(x) > 0 exists, then lim, oo (f - g)(z) = +o00.

Proof: For showing part (ii), let M > 0. Since [ := lim,_,. g(z) > 0, there is 6; > 0 so
that g(z) > l—% = é > 0 for all z € A with 0 < |z —¢| < 6;. Moreover, lim,_,. f(x) = +o0,
and so we can find 0 < § < &; such that f(z) > 2 as 2 € A with 0 < |z — ¢| < § and

hence in this case, we have

2M 1
f(z)g(z) > - =M
Part (ii) follows.
Using the similar argument, try to finish the proof by yourself. O

Remark 7.10 The assumption of the non-zero limits in Proposition 7.9(é7) and (¢i¢) cannot
be removed. For example, by considering f(z) := 1/z;g(z) := x for x > 0, note that
limg o f(z) = oo and lim,_0 g(x) = 0 but f(x)g(x) =1 for all z > 0.

Example 7.11 Let p(z) := a,z™ + apn_ 12" ' + --- + a1x + ag be a polynomial of degree
n > 0, where x € R. If the leading coefficient a,, of p is positive, then limy_ 4 f(z) = +00.
In fact, since a, # 0, we see that

an—-1 _ an—-2 _ apg _
AllA,m 1 41247x 2 =0 n)

+ ot —a

Qnp Gn an

p(z) = apz™ (1 +
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for all x > 0. In addition, since a, > 0 and n > 0, clearly we have limg_, 4 o apx™ = +00.
The result follows immediately from Proposition 7.9.

Definition 7.12 A point c is called a right (resp. left) limit point of A if for any r > 0,
there is some © € A such that 0 <x —c <71 (resp. 0 < c—x <r), ie., (c,c+r)NAZ£D
(resp. (c—r,c)NA#0D). Write D,.(A) (resp. D;(A)) for the set of right (resp. left) limit
points of A.

Clearly, we have D,(A)U D;(A) = D(A).

Example 7.13 We have the following examples.
1. If A= (0,1)U {2}, then D,(A) =10,1) and D;(A) = (0,1].
2. If A=1{1,1/2,1/3,...}, then D.(A) = {0} and D;(A) = 0.

Definition 7.14 Using the notation as above, let ¢ € D.(A). We say that f has a right
(resp. left) limit L of f at c if for any € > 0, there is 6 > 0 such that |f(x) — L| < & for all
r€Awith0<z—c<d (resp. 0<c—x<0).

It is noted that if a right (resp. left) limit exists, then it is unique.

We write limg_ycq f(x) and limy_,.— f(x) for the right and left limit respectively.

Example 7.15 Let A = R\ {0}. Define f(x) =1 if x > 0; otherwise, f(x) = —1. Then
lim, 04 f(z) =1 and lim,_,o— f(x) = —1. This function is called the sign function.
We always denote it by sgn(x).

Proposition 7.16 Letc € D,.(A)ND;(A). Thenlim,_,. f(x) exists if and only if lim, .4 f(x)
and limy . f(z) both exist and limy .4 f(z) = limy—— f(2).
In this case, we have limy_,. f(z) = limg_cy f(x) = limgy—ye— f(2).

Proposition 7.17 Let f(x) be a function defined on (0,00) and g(xz) = f(1/x). Then
limy 100 f(2) exists if and only if lim, o4 g(x) exists.
In this case, we have limy_, 1o f(2) = limgz_04 g(z).

8 Continuous functions

Throughout this section, let A be a non-empty subset of R and let f be a function defined
on A.

Definition 8.1 Let c € A. We say that a function f is continuous at c if for any € > 0,
there is 6 > 0 such that |f(z) — f(c)| < € whenever x € A with |z — ¢| < 6.
Furthermore, f is said to be continuous on A if it is continuous at every point in A.

Remark 8.2 Using the notation as above, note that

1. A function f is discontinuous at c if there is € > 0 so that for any 6 > 0, we can find
some z € A satisfying |z — ¢| < § but |f(z) — f(c)| > e.
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2. If a point ¢ € A is not a limit point of A, then a function f is continuous automatically
at ¢. In fact, if ¢ € A is not a limit point of A, then there is » > 0 such that

(c—r,c+r)NA = {c}. Therefore, for any € > 0, we can choose § = r in the Definition
8.1 above.

Definition 8.3 Let A be subset of R. A subset EE of A is called an open subset of A if for
each ¢ € E, there is r > 0 such that (c —r,c+r)NACE.

FE is an open subset of R.
For example, if we consider A = [0,1] and E = (0, 1], then E is an open subset of A but it
is not an open subset of R.

The following result is directly obtained from the definition of a continuous function.

Proposition 8.5 Using the notation as above, then a function f is continuous on A if and
only the pre-image f~1(V) := {x € A : f(x) € V} of any open subset V of R is an open
subset of A.

Proposition 8.6 Let ¢ € A. Then we have the following assertions.

(i) If c € A is a limit point of A, then f is continuous at ¢ if and only if lim,_,. f(x) =
f(e).

(ii) f is continuous at c if and only if whenever a sequence (x,) in A with limx,, = ¢, we
have lim f(z,) = f(c).

Proof: Part (i) follows directly from the Definition 8.1.
Part (i) can be obtained by using a similar argument as in Proposition 7.6. Try to do it
by yourself. O

Proposition 8.7 Let c € A and let f,g be functions defined on A. If f,g are continuous
at ¢, then we have the following assertions.

(i) The function f + g is continuous at c.

(i) The product f - g is continuous at c.

(iii) Moreover, if g(x) # 0 for all x € A, then f/g is continuous at c.

(iv) Moreover, if the image of f is contained in a subset B of R and h : B — R is continuous

at f(c), then the composition h o f is continuous at c.

Proof: The above assertions follows immediately from Propositions 2.8 and 8.6. Alterna-
tively, they can be shown directly by the definition.

For showing part (i7), since g is continuous at ¢, there is 6; > 0 such that |f(z) — f(c)| <1
and hence, |f(z)] < 1+ |f(c)| for all z € A with |z — ¢| < §;. Using the continuity of f and
g at ¢, there exists 0 < § < 61 so that |f(z) — f(c)| < € and |g(x) — g(c)| < e as z € A and
|x — ¢| < §. Therefore, we have

[f(2)g(x) = f(e)g(e)] < |f(2)g(x) = f(e)g(x)[ +[f(c)g(x) = f(e)g(c)| < e(1+]g(c)| +|f(c)])
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as x € A and |z — ¢| < §. Part (ii) follows.

By using part (ii), we need to show that the function 1/g(x) is continuous at c¢. Note that
we may assume g(c) > 0 (otherwise by considering —g(x)). g(z) is continuous at ¢, and so
there is 01 > 0 so that |g(z) — g(¢) < g(c)/2 and hence, g(z) > g(c)/2 for all x € A and
|z —¢| < 1. Now let € > 0, there is 0 < < d; so that |g(z) — g(c)| < 6 as x € A and
|z — ¢| < d. Therefore, we have

11 |:Ig(ﬂf)—g(0)\ 2e
g(x) g(c) g(w)g(c)

for all z € A with |z — ¢| < 0. The proof of (iii) is complete.
The last assertion follows clearly from the definition. 0

Before showing the following important result, we first recall that a subset A is said to
be compact if for any sequence (z,) in A has a convergent subsequence (z,,) such that
limy, z,,, € A. Moreover, A is compact if and only if it is a closed and bounded set.

Theorem 8.8 If f is a continuous function defined on a compact set A, then f is a bounded
function. Moreover, there are x1 and xg in A such that f(x1) = min{f(z) : € A} and

f(xe) = max{f(z):x € A}.

Proof: First, we show that the set f(A) is bounded above. We give two different methods
about the claim.

Method I:

Suppose that f is not bounded above. Then for each positive integer n, there is z, € A
such that f(z,) > n. A is compact, and so there is a convergent subsequence (z,,) with
¢ :=limz,, € A. Note that since f is continuous at ¢, we see that the sequence (f(zp,))
converges to f(c) and thus, (f(zn,)) is a bounded sequence but f(zy,) > ng for all k. It
leads to a contradiction because nj; — oo as k — oo.

Method II:

Notice that since f is continuous on A, then for each element z € A, there is §(z) > 0
such that f(u) < f(z) +1 as u € A with |[u — x| < §(x). Note that if we put J, :=
(x — 6(x),z + 0(x)) for + € A, then we have A|J,.4 Jo. Using the compactness of A,
there are finitely many z1,..,2y € A such that A C J,, U---U J;,. Then implies that
f(z) <max(1+ f(z1),---,1+4 f(zn)) for all z € A, so the set f(A) is bounded above.

Next, we want to show that f(a) = max{f(z):z € A} for some a € A.
In fact, note that since the set {f(z) : « € A} is bounded above, L := sup{f(z) : = €
A} exists. Thus, there exists a sequence (z,) in A such that lim f(x,) = L. Using the
compactness of A, there is a convergent subsequence (z,, ) of (z,) with a := limz,,, € A.
Thus, we have f(a) = lim f(z,, ) and thus, f(a) = L as desired.
By considering —f, we get f(x1) = min{f(z) : = € A} for some x; € A. The proof is
complete. ]

Remark 8.9 The assumption of compactness in Theorem 8.8 cannot be removed.
For example if A = [1,00) and f(z) = 1/x for € A, then there is no points attains its
minimum on A although f is a bounded function.

25



Theorem 8.10 If f is a continuous function defined on a compact set, then the image
f(A) :={f(z) : x € A} is compact.

Proof: Method I:
It suffices to show that f(A) is a closed and bounded set. We have shown that f(A) is
bounded by Theorem 8.8. We need to show that f(A) is closed. By applying Proposition
4.7, we need to claim that if (z,) is a sequence in A so that (f(x,)) is convergent, then
the limit L := lim f(x,) € f(A). Indeed, by the compactness of A, (x,) has a convergent
subsequence (x, ) such that ¢ := limz,, € A. f is continuous at ¢, and so lim f(z,,) = f(c)
and thus, L = f(c) € f(A) as required.
Method II;
Let {J;}icr be an open cover of f(A). Since f is continuous on A, Proposition 8.5 implies
that for each element a € A, there are §, > 0 and i, € I such that f((a—dq, a+0,)NA) C J;,.
Note that we have

AC | J(a=ba,a+da).

acA

Then by the compactness of A, there are finitely many a1, ...,ay in A such that

N
AC | J(ar = 6oy ar + 6a,).-
k=1

Therefore, we have

N
f((ak_éakaak+5ak)m14) g U Jiak‘
1 k=1

=

f(A) C

k

Remark 8.11 In general, the image of a closed set under a continuous map is not neces-
sarily closed. For example, A = [1,00) and f(z) = 1/x,2 € A. Note that A is a closed set
but f(A) = (0,1] is not closed.

Definition 8.12 Two subsets A and B are said to be homeomorphic if there is a bijection
f from A onto B such that f and the inverse f~1 both are continuous. In this case, f is
called a homeomorphism.

Proposition 8.13 Suppose that A and B are homeomorphic. If A is compact, then so is
B.

Proof: It can be shown directly by Theorem 8.10. g

Example 8.14 By applying Theorem 8.10, it is impossible to find a continuous surjection
from [0,1] onto [0,1) because [0,1] is compact but [0,1) is not. Therefore, [0,1] is not
homeomorphic to [0,1).

Proposition 8.15 Let A and B be non-empty subsets of R. Let f : A — B be a continuous
bijection. If A is compact, then f is a homeomorphism, i.e., the inverse f~' is continuous.
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Proof: Put y = f(x) and g(y) = f~!(x), € A. Suppose that the function g is discon-
tinuous at some b € B. Then, there is € > 0 so that for any 6 > 0, there is y € B so
that |y — b] < d but |g(y) — g(b)| > . By considering 6 = 1/n for n = 1,2, .... Therefore,
there is a sequence (y,) in B so that limy, = b and |g(yn) — g(b)] > € for all n. Let
Zn, = g(yn) € A. Then by the compactness of A, (z,,) has a convergent subsequence (zy, )
such that a := limz,, € A. Note that b = limy,, = lim f(z,,) = f(a) because f is contin-
uous and limy, = b. Thus, a = g(b). Therefore, we have lim g(y,,) = limz,, = a = g(b)
which leads to a contradiction because |g(y,) — g(b)| > ¢ for all n. O

Remark 8.16 The assumption of compactness of the domain on Proposition 8.15 cannot
be removed. For example, by considering A = [0,1) U [1,2] and B = [0,2], a function
f:A— Bisdefined by f(x) =z for z € [0,1) and f(x) =2 — 1 for x € [1,2]. Then f is a
continuous bijection but its inverse is discontinuous at y = 1. Note that A is non-compact
in this case.

Theorem 8.17 Intermediate Value Theorem Let f : [a,b] — R be a continuous func-
tion. Assume that f(a) < L < f(b). Then there is ¢ € (a,b) such that f(c) = L.

Proof: If we consider the function x € [a,b] — f(x) — L, then we may assume that L = 0,
ie., f(a) <0< f(b). We want to show that there is ¢ € (a,b) so that f(c) = 0.

Method 1:

Let S :={z € [a,b] : f(z) > 0. Note that S is non-empty a bounded below set since b € §
and x > b for all x € S. Thus, ¢ := inf S exists. We will show that f(c) = 0. Note that
for each positive integer n, there is x,, € S satisfying ¢ < z,, < ¢+ 1/n, and so limx,, = c.
Since a < z, < b for all n, we see that ¢ € [a,b]. By the continuity of f and f(z,) > 0
for all n, we have lim f(z,) = f(c) and f(c) > 0. We want to show that it is impossible if
f(e) > 0. Note that ¢ > a since f(a) < 0. Therefore, there is § > 0 such that a < ¢ —§ and
|f(z) — f(e)] < f(e)/2 as z € [a,b] with |z — ¢| < §. Thus, if we fix a point x; such that
a<c—0 <z <c<b, then we have f(z1) > f(c)/2 > 0. This implies that z; € S and
x1 < c. It is a contradiction because c is a lower bound for the set S. Therefore, f(c) = 0.
Method 2:

Let [a1,b1] = [a,b]. We want to construct inductively a sequence of closed and bounded
intervals {[ax, bx|}}_;, where 1 < n < +o0, satisfying the following conditions.

L. [a1,b1] 2 [ag,b2] 2 ---.
2. bp —ap = %(bk—l —ag_1), for all 2 < k < n.
3. flag) <0< f(bg), for all 1 <k < n.

Suppose that the sequence of closed and bounded intervals ([ak, bg]) has been constructed
for 1 < k < n. We want to construct [a,+1,bn+1] S0 that it satisfies the conditions (1) — (3)
above. Put m,, = ‘L"T“'b”. If f(m,) =0, then the result follows. Otherwise, if f(m,) > 0,
then we put [ap+1,bnt1] = [an, my]. If f(my,) < 0, then we put [ani1,bp+1] = [Mmp, byl
Therefore, if f(m,) # 0 for all n = 1,2..., then we have an infinite sequence of ([ay, bx])
satisfying the conditions (1) — (3) above. By applying the Nested Intervals Theorem in this
case, we have (N, [ax, bx] = {c} for some c € [a, b]. Note that we have lim a; = limby, = c.
f is continuous at ¢, so we have f(c) = lim f(a) = lim f(bg). From this, together with the
condition (3) above, we have f(c) = 0. The proof is complete. O
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Recall that an interval is a non-empty subset of R which is one of the following forms.

1. (Bounded case): [a,b]; [a,b); (a,b] and (a,b) for a < b.

2. (Unbounded case): [a,+0); (a, +00); (—o0,b); (—o0, b] and R.

Proposition 8.18 Let A be subset of R. Assume that A has at least two points. Then the
followings are equivalent.

1. A is an interval.
2. For each pair of elements a,b € A with a < b, we have [a,b] C A.

Proof: (1) = (2) is clear. We want to show (2) = (1). Assume that the condition (2)
holds.

First, we assume that A is bounded. Then L := sup A and [ := inf A both exist. Then
x € [l,L] for any v € A, so A C [I,L]. Now, if L and [ are in A, then the condition (2)
implies that [[, L] C A and thus, A = [I, L]. By using the similar argument for the other
cases, i.e, l € Aand L ¢ A;l ¢ Aand L € A; 1 ¢ Aand L ¢ A, we see that A is equal to
[I,L); (I, L] and (I, L) respectively.

Similarly, the result can be obtained in the unbounded case. O

Theorem 8.19 Let f be a continuous function defined on A. If A is an interval, then so
is its image f(A).

Proof: By using Proposition 8.18, we need to show that [¢,d] C f(A) whenever ¢,d € f(A)
with ¢ < d. In fact, let f(a) = c and f(b) = d for some a,b € A. We may assume that
a < b. Note that since A is an interval, we have [a,b] C A. By applying the Intermediate
Value Theorem, for any element L € [c,d], there is an element 1 between a and b such that
L = f(x1) € f(A), and hence [c,d] C f(A). The proof is complete. O

Example 8.20 By Theorem 8.19, there is no continuous surjections from [0, 1] onto [0, 1]U
[2,3]. Hence, the set [0,1] is not homeomorphic to [0,1] U [2, 3].

9 Uniform continuous functions
Throughout this section, let f be a function defined on a non-empty subset of R.

Definition 9.1 A function f is said to be uniformly continuous on A if for any € > 0,
there is § > 0 such that |f(z) — f(y)| < € whenever x,y € A with |x —y| < 0.

Remark 9.2 A function f is not uniformly continuous on A if there is € > 0 such that for
any 0 > 0, there are z,y € A with | —y| < 0 but |f(z) — f(y)| > e.
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Example 9.3 (i) Let f(x) = 22 for x € [0,00). Then f is not uniformly continuous on
[0,00). In fact for any positive integer n, we have

Fn ) = F)l = @nt 1/n)(1fm) =24 > 2

Therefore, if we let € = 2, then for any § > 0, we choose a positive integer n such that
1/n <8, son+1/n andn in [0,00) with [n+1/n—n| <6 but [f(n+1)— f(n)| > 2.
Thus, f is not uniformly continuous on [0, 00).

Note that from this example we see that a continuous function need not be uniformly
continuous on its domain.

(ii) Let f(x) = 22 for x € [0,1]. Then f is uniformly continuous on [0,1]. In fact for
z,y € [0,1] we have

[f(@) = Fy)l = |z —yllz +y| < 2z —yl.

Let ¢ > 0. Then we can choose 0 < § < /2, so we have |f(z) — f(y)| <2z —y| <e
whenever z,y € [0,1] with |z —y| < §. Thus, f is uniformly continuous on [0, 1].

Theorem 9.4 Let f be a continuous function on A. If A is compact, then f is uniformly
continuous on A.

Proof: Method I:

Suppose that A is compact but f is not uniformly continuous on A. Then there is € > 0
such that for any § > 0, there are z,y € A with |z —y| < ¢ but |f(z) — f(y)| > €. Consider
0 = 1/n for n = 1,2,.... Then for any positive integer n, there are x,, and y, such that
|20 = yn| < 1/nbut |f(zn) = f(yn)] = €.

Then by the compactness of A, the sequence (x,) has a convergent subsequence (z,, ) such
that a := limy, =, . By applying the compactness of A, the sequence (y,, ) has a convergent
subsequence (yp, ) with b := lim;y,, € A. Note that we still have a := lim; z,, . Since
‘l‘nki — ynki| < 1/nki for alli =1, 2, Z, we have a = b. Hence, we have Z

lim f(wn,,) = f(a) = f(b) = lim f(yn,, ),
and so we have
0<e<|f(zn,) = f(Yny, )| =0 asi— oo

It leads to a contradiction.
Method II:
Let € > 0. Let a € A. Since f is continuous at a, there is 6, > 0 so that |f(x) — f(a)| < ¢

) 0,
as z € A and |z —a|] < dq. Put J, := (a — Ea,a—k 5‘1) Then we have A C U Jq. By using
acA
N
the compactness of A, there are finitely many ay,...,ay € A such that A C U Jq,,. Take
k=1

0<6 <16, forall k=1,..,N. Let z,2’ € A with |z — 2’| < §. Note that z € J,, for
some 1 < i < N. Then we have |z — a;| < 16,, < &, and |2/ — a;] < |2’ — 2|+ |z — a;] < &,
Thus, we have

[f(x) = f@)] < |f(@) = fa)| + |f(a) = f(a")] < 2e.
The proof is complete. O
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Theorem 9.5 Weierstrass approximation theorem Let f(x) be a real-valued continu-
ous function defined on [0,1]. Then for any € > 0, there is a polynomial function p(z) such
that |f(z) — p(x)| < e for all x € [0,1].

Proof: Before showing the result, let us recall a class of polynomial functions in the
following, called Bernstein polynomials. For each positive integer n, set

B, (x) := Z ay <Z> k(1 —z)" 7k, where a, € R
k=0

for z € [0,1]. Using the binomial theorem, clearly we have

3 <Z> ZF(1— )k =1 (9.1)

k=0

for all # € [0,1]. Taking (1 — z)4L in Eq 9.1, we have

z”: <Z> [*(1 = 2)" )k — na) = 0.

k=0
Again taking n%a:(l — x)% on both side and applying the product rule of derivatives, we
have
n 1 _
<Z>xk(1 _ SU)n_k(LE . %)2 — 33‘( - 1‘)
k=0
This gives
- k 1
Z (Z) 2*(1— z)" Rz — 5)2 < n for all z € [0, 1] (9.2)
k=0
since max{z(l —z):z € [0,1]} = 1/4.
Now let

n
n .k
pn(x) := Z <k>mk(1 —a)" kf(ﬁ), for x € [0,1].
k=0
The theorem is obtained if we show that for any € > 0, there is a positive integer N such
that |f(x) — pn(z)| < e for all n > N and for all € [0,1]. Note that using the Eq9.1, we

see that
@)= ma() < 3 ()0 =0 H15) - ) 93)

k=0

for all x € [0,1] and for all n = 1,2.... On the other hand, since f is continuous on [0, 1], f is
uniformly continuous on [0, 1]. Thus, for any € > 0, there is > 0 such that |f(u)— f(v)| < &

whenever u,v € [0, 1] with |u — v| < §. Now for any = € [0,1] and n = 1,2, ..., we put
A= ) (n)wk(l — )" | f(x) - f(ﬁ)|
k n
k:|x—%|<6
and

B X (f)ta- ot - s
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Then the Eq 9.3 can be written as the following

|f(z) = pn(z)| < A+ B.

Notice that by the choice of §, we have
A<e Z " ab(1—z)"F ==
- k

k:|m—%\<5

We are now going to estimate the value B. By using Eq 9.2, we have
2 n\ —k n\ —k kio_ 1
) Z <k>1‘ (1—x)" %< Z <k>m (1I—ax)" (x—g) gﬁ.
k:\x—%\Zé k:|x—§\26

This gives

Since f is continuous, f is bounded on [0,1]. If we put M := sup|f(x)|, then we can now

conclude that o
ny\ k n—k
B<2M ) (k)m (1—a)" ™ <oy

kijz—£[>6
for all z € [0, 1] and for all n = 1,2, .... Therefore, if we choose a positive integer N so that
271% <eforallmn > N, then |f(z) —pn(z)] < A+ B < 2¢ for all n > N and for all z € [0, 1]
as desired. The proof is complete. O

Definition 9.6 Let A be a non-empty subset of R. A function f : A — R is called a
Lipschitz function if there is a constant C > 0 such that |f(x) — f(y)| < Clx — y| for all
x,y € A. In this case.

Furthermore, if we can find such 0 < C < 1, then we call f a contraction.

Clearly we have the following property.

Proposition 9.7 FEvery Lipschitz function is uniformly continuous on its domain.

Example 9.8 (i) : The sine function f(x) = sinx is a Lipschitz function on R since we
always have |sinx — siny| < |z —y| for all x,y € R.

(ii) : Define a function f on [0,1] by f(x) = xsin(1/x) for z € (0,1] and f(0) =0. Then
f is continuous on [0,1] and thus f is uniformly continuous on [0,1], but note that f
is not a Lipschitz function. In fact, for any C' > 0, if we consider x,, = L ) and

P e
Yn = 5=, then |f(zn) — f(yn)| > Clayn — yn| if and only if

2 (2nm + §)(2nm)

=4n > C.
2nmw + 5

Therefore, for any C > 0, there are x,y € [0,1] such that |f(x) — f(y)| > Clz — y|
and hence f is not a Lipschitz function on [0, 1].
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Proposition 9.9 Let A be a non-empty closed subset of R. If f: A — A is a contraction,
then there is a unique fized point of f, i.e., there is a point a € A such that f(a) = a.

Proof: First we show the existence. f is a contraction on A, so there is 0 < C' < 1 such
that |[f(z) — f(y)| < Clz —y| for all z,y € A. Fix 1 € A. Since f(A) C A, we can
inductively define a sequence (z,) in A by z,4+1 = f(x,) for n = 1,2... Note that we have

|Zn41 — @n| = |f(zn) — f(@n-1)| < Clzn — 211
for all n = 2,3... This gives
|[Tng1 — | < C" g — 24

for n = 2,3, .... Thus, for any n,p = 1,2.., we see that

n+p—1 n+p—1
Tt —2n| < Y Jwi — @i < e —m| Y O
i=n i=n

Since 0 < C' < 1, for any € > 0, there is N such that Z?:tf*l C'~! < ¢ for all n > N and
p = 1,2,... Therefore, (x,) is a Cauchy sequence and thus the limit a := lim,, x, exists.
A is closed, so we have a € A and hence f is continuous at a. On the other hand, since
Tnt1 = f(xn), we have a = f(a) by taking n — oc.

Finally, we show the uniqueness of the fixed point. In fact, if @ and b are the fixed points
of f and a # b, then we have |a —b| = |f(a) — f(b)| < Cla—b| < |a — b| because 0 < C' < 1.
It leads to a contradiction. The proof is complete. The proof is complete. ]

Remark 9.10 Proposition 9.9 does not hold if f is not a contraction. For example, if we
consider f(x) =z — 1 for x € R, clearly we have |f(z) — f(y)| = |z — y| and f has no fixed
point in R.

Proposition 9.11 Let f be a continuous function defined on (a,b). The the followings are
equivalent.

(i) There exists a continuous function F : [a,b] — R such that F(x) = f(z) for all
z € (a,b).

(ii) f is uniformly continuous on (a,b).

(iii) The limits l_1>m+f(a:) and lim f(x) both ezist.

r—b—

In this case, this continuous extension F is uniquely determined by f. In fact, F(a) =
lim f(z) and F(b) = lim f(x).
r—a+ z—b—

Proof: For (i) = (ii), we assume that (i) holds. Then by Theorem 9.4, F' is uniformly
continuous on [a, b], so f = F|() is uniformly continuous on (a, b).
For (ii) = (ii1), we are going to show that lirlr)l f(z) exists.

x—b—
It suffices to show that the sequence (f(z,)) converges to the same limit whenever any
sequence (z,) in (a,b) that converges to b.

First, we claim that (f(x,)) is a Cauchy sequence for any such sequence (z,) in (a,b).
Let ¢ > 0. Then by the assumption (i), there is 6 > 0 such that |f(x) — f(y)| < € as
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z,y € (a,b) with |z — y| < . Now since limz,, = b and thus (z,,) is a Cauchy sequence.

Therefore, we can find a positive N such that |z, — z,| < 6 when m,n > N. This gives

|f(xm) — f(xn)| < e as m,n > N. The claim follows and thus, the limit li_)rn f(x,) exists.
n—oo

Next we want to show that if (x,) and (y,) both are the sequences in (a,b) that converge
to b, then lim f(x,) = lim f(y,). Let L = lim f(x,) and L' = lim f(y,). Let € > 0
n—00 n—00 n—00 n—00
and let § be given by the uniform continuity of f. Since limx, = limy,, we can choose
a positive integer N large enough so that |xy — yn| < d. In addition, such N satisfies
|f(xn) — L] < e and |f(yn) — L'| < € because L = lim f(x,) and L' = lim f(y,). This
n—oo n—oo
implies that

IL—L'|<|L— f(zn)|+|f(zn) = flyn)| + | f(yn) — L'| < 3¢

for all ¢ > 0. Thus, L = L' and hence, the limit lim f(z) exists.

z—b—
The proof of the case lim f(x) is similar.
r—a+

Finally, we show (iii) = (i). Define F'(a) := l_i>m+f(x); F(b) = liI})’l f(z)and F(x) := f(x)
r—a r—b—

for z € (a,b). Note that F' is continuous on [a,b]. In fact, we have F(a) = 1_1>m+f(a;) =

lim F(x)and F(b) = lim f(z)= lim F(x). Thus, F is continuous at = = a and b.

T—a+ z—b— x—b—

The last assertion follows immediately from the continuity of F'. The proof is complete. [

Remark 9.12 Indeed, in the proof of Proposition 9.11 (i) = (ii) above, we have shown the
following fact. Suppose that f is uniformly continuous function defined on A. If (x,) is a
Cauchy sequence in A, then so is the sequence (f(x,)). We can use this simple observation
to see a function "NOT” being uniformly continuous on its domain.

Note the assumption of the uniform continuity of f is essential in here by considering the
simple example that f(z) = L, z € A:=(0,1] and z,, = %, n=1,2..

"

Definition 9.13 A function s : [a,b] — R is called a step function (resp. piecewise linear)
if there exist finitely many points a = xg < 1 < --- < 2, = b such that s is a constant on
each (xg_1,x)) (resp. linear on [xx_1, x|, i.e, s(x) = mpx + by ) for allk =1,..,n.

Proposition 9.14 If f is a continuous function defined on a closed and bounded interval
[a,b], then it can be uniformly approzimated by step functions (resp. piecewise linear func-
tions), that is, for each € > 0, there exists a step function s (resp. piecewise linear function)
defined on [a,b] such that |f(x) — s(x)| < e for all x € [a,b].

Proof: By using Theorem 9.4, we first note that f is uniformly continuous on [a, b]. Let
€ > 0. Then thereis § > 0 so that |f(z)— f(y)| < € whenever z,y € (a,b) with |[z—y| < . If
e choose a partition a = xg < - -+ < x, = b on [a, b] such that |z —xp_1| < dfork=1,....n.
Now if we let s(x) := f(xg—1) when = € [x_1, k), then s is the step function as desired.

Using the similar argument, the result is obtained for the case of piecewise linear functions.

O
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10 Monotone Functions

Using the notation given as before, f is a function defined on a subset A of R. f is called
a monotone function if it is either increasing or decreasing. The following results also hold
for decreasing functions by considering — f instead. Recall that c is a right (resp. left) limit
point of A if for any r > 0 we have (¢,c+7r)N A # 0 (resp. (c—r,c)NA#0D).

Proposition 10.1 Let f be an increasing function on A. Let c € A. Put
Lic) :=inf{f(zx):z € Ajz >c} if {xe€dx>c}#0.
Similarly, we put
le):=sup{f(z):z € Ajx<c} if {x€eA:x<c}#0.

If ¢ is a right (resp. left) limit point of A, then L(c) = f(c+) = wlirgr (x) (resp. l(c) =
fle=) = lm f(z).

Proof: First, we want to prove that if ¢ is a right limit point of A, then the right limit
f(c+) exists. Since ¢ is a right limit point of A, {f(z):x € A,z > ¢} # (). f is increasing,
so f(c) is a lower bound of the set {f(x) : z € A,z > ¢}. The Axiom of Completeness
implies that L(c) := inf{f(z) : z € A,z > ¢} exists and f(c) < L(c). Thus, for any ¢ > 0,
there is 1 € A with 21 > ¢ such that f(x1) < L(c) + &. Hence, if we take 0 < § < 1 — ¢,
then L(c)—e < L(c) < f(x) < f(x1) < L(c)+¢€ whenever = € (¢,c+6). Thus, L(c) = f(c+)
as desired.

The proof for the case of a left limit point is similar. O

Proposition 10.2 Using the notation given as in Proposition 10.1, let f be a strictly in-
creasing (not necessary continuous) function defined on an interval I, i.e, f(x1) < f(x2) if
and only if x1 < xo as xy,x9 € I. Let g: f(I) — I be the inverse of f. If d € f(I), then
9(d) = L(d) =: inf{g(y) : y € f(I),y > d} (resp. g(d) = U(d) :=sup{g(y) : y € f(I),y >
d}) provided L(d) (resp. l(d)) exists.

In addition, if d is a right (resp. left) limit point of f(I), then g(d) = g(d+) (resp.
g9(d) = g(d—)).

Consequently, the inverse function g : f(I) — I is continuous.

Proof:

Note that g is also strictly increasing on f(I). Let ¢ := g(d), hence ¢ € I and f(c) =d
g is increasing, so g(d) < L(d) whenever L(d) exists. We now suppose that g(d) < L(d
thus we can choose a point z such that ¢ = g(d) < z < L(d). Then by the definition of L(d
there is y; € f(I) with y; > d. Thus, we have z < L(d) < g(y1). If we let 1 = g(y1), then
x1 € Tand ¢ < z < L(d) < z;. I is an interval, so z € (¢,x1) C I. Thus, f(z) > f(c) =d, so
f(z) e {y € f(I) : y > d}. This implies that z = g(f(z)) > L(d). It leads to a contradiction
because ¢ < z < L(d) by the choice of z. Therefore, g(d) = L(d).
Similarly, we also have a contradiction if I(d) < g(d). Hence I(d) = g(d).
Finally, we want to show that g is continuous at d in the following cases.
If d is an isolated point of f(I), then g is automatically continuous at d.
If d is a right limit point of f(I) but is not a left limit point of f(I), then by Proposition
10.1, we have g(d) = L(d) = g(d+). Therefore, g is continuous at d. Similarly, if d is a left

)
)
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limit point of f(I) but is not a right limit point of f(I), then we have g(d) = I(d) = g(d—),
hence g is continuous at d.

Finally, if d is a right and left limit point of f(I). Then, we have g(d) = g(d+) = g(d—)
and so g is continuous at d. The proof is complete. ]

Proposition 10.3 Let f be an increasing function defined on A and let D be the set of
discontinuous points of f. Then D is a countable set.

Proof: For each integer n, we put Dy, := {x € D:n—1< f(x) <n}. Then D = {J,,cy Dn.
Therefore, it suffices to show that each D,, is countable.
We now fix D,,. By using Proposition 10.1, we first note that ¢ € D,, if and only if

fle)=f(c=) > 0or f(e+)=f(c) > 0. Put J(c—) := [f(c—), f(¢)] and J(c+) := [f(c), f(e+)].
Then J(c+) or J(c—) is an interval. Therefore, if we put a(c) is the length of (J(c—)UJ(c+))
for ¢ € D, then a(c) > 0. On the other hand, if ¢;,co € D,, with ¢; < co, then
J(c14+) N J(ca—) has at most one point if they exist. Thus, we have

0< Z alc)<m—(m—-1)=1.

ceD,,

Since a(c) > 0 for all ¢ € Dy, the set D,, need to be countable. In fact, note that we have

Dy = |J {c € Dm:alc) > 1/k}.
keZ,

Thus, if D,, is uncountable, then there exists a positive integer k so that R := {c¢ € D,, :
a(c) > 1/k} is infinite. Therefore, ) . a(c) is infinite. It leads to a contradiction. O

Let I be an interval. We call a function f : I — R locally bounded at ¢ € I if there
is 7 > 0 such that the function f is bounded on (¢ — r,c+ ) N I. Notice that if lim f(z)
T—rC

exists, then f is locally bounded at c.

Proposition 10.4 Now if f is a locally bounded at c € I, then the following always exist.

lim f(z) = lim (O<|iliIZ|<6f (z)) and lim,.f(z) = lim ( L O))

Moreover, we have lim, . .f(z) < lim,_.f(z).

Proof: For simply, we assume that I is an open interval.

For 0 > 0, put L(0) := supgc|p_¢<s f(z) and £(0) := infocjp_cj<s f(x). Since f is lo-
cally bounded at ¢, L(0) and ¢)d) are defined for arbitrary small 6 > 0. Moreover, the
functions L(J) is increasing and ¢(0) is decreasing. Then by Proposition 10.1, we see that
hmx—)cf(x) = infs>0 (Sup0<|m—c\<6 f(.%)) and himx%cf(‘r) = SUPs>0 (inf0<\x76|<5 f(.%‘))

On the other hand, since ¢(§) < L(6) for all § > 0, we have lim, ., .f(z) < lim,_.f(z). O

Example 10.5 Define f(x) = sin ﬂor x # 0. Then lim,_of(z) = 1 and lim, ,,f(x) =
—1. Hence, the case lim,_,f(z) < limy_of(x) may occur.
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Proposition 10.6 Using the notation as in Proposition 10.4, the following are equivalent.
(i) limg—.f(x) exists.
(ii) lim, . f(z) = Fnoef (2).

In this case, we have limy_.f(x) = lim, . f(2) = lim,_.f(x).

Proof: Let L :=limy_f(x) if it exists.

For showing (i) = (i), let € > 0, then there is § > 0 such that L —¢ < f(z) < L+¢
whenever z € I with 0 < |z — ¢| < 0. Using the notation as in Proposition 10.4, then we
have L —e < ¢(61) < L(01) < L+« for all 0 < §; < §. Taking §; — 0+, we have

L—-e< himx—mf(x) < mac%cf(x) <L+e

for all € > 0. This gives lim, ,.f(z) = lim,_,.f(z) = L as desired.
(73) = (i) follows immediately from the simple observation that £(0) < f(x) < L(d) for all
d >0 and for all z € I with 0 < |z —¢| < 6. O

Definition 10.7 A function f : [a,b] — R is said to be of bounded variation if it satisfies
the following condition.

By = sup{d_If(zk) = fler—1)| s a =20 < -+ <z = b} < 0.
k=1

We call || f||pv the total variation of f and write BV[a,b] for the set of all functions of
bounded variation.

Proposition 10.8 We keep all notation as given above. Then we have
(i) The space BV[a,b] is a vector space.
(ii) Ewvery function of bounded variation is bounded.
(i1i) Every monotone function is of bounded variation.
(iv) Every Lipschitz function is of bounded variation.

Proof: Parts (i), (ii7) and (iv) are clear.

For showing Part (ii), let f € BV]a,b] and = € (a,b). Then by considering the partition
a <z < b, we have | f(z) — f(a) + |f(b) — (z)| < |5 This gives 2[f(x)| < |f(a)] +
|f(B)|+ || fllBL for all € (a,b) and hence, f is bounded on [a, b]. O

Remark 10.9 The part (iii) in Proposition 10.8 tells us that a function of bounded vari-
ation may not be continuous. On the other hand, a bounded function is not necessary to
be of bounded variation.
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Example 10.10 Let

B sin(%) if xe€ (0, %],
fl@) = {o ifz=0.

Notice that f is bounded on [0, %] but f ¢ BV]0, %] In fact, for each positive integer n,
if we let xyp = m for 1 <k <n and consider the partition on |0, %] 0=xp< 11 <
2

<L 1 < Ty, = %, then we have

n

S () = flae)| =D 1 F () = flap—)] > 2(n— 1)
k=2

k=1

for all n > 2. This implies that f is not of bounded of variation.

Proposition 10.11 Suppose that f € BV[a,b]. Put

() = sup{d_p_i [f(zx) = flap—1)|ra =20 <--- <zp =2}  ifx € (a,b;
0 if v = a.

Then the functions ¢ and ¢ — f are increasing on |a,b]. Consequently, a function f :
[a,b] — R is of bounded variation if and only if f = u — v for some increasing functions
u and v on |a,b].

Proof: We first notice that since f € BV[a,b], the function ¢ is well defined. In fact, we
have 0 < ¢(z) < ||f||pv for all x € [a,b]. Let a < x < y < b. For any partition on [a, z]|:
a=x9<- <z, =, we see that

I @k) = fla-)l < Y1) = Fae-0)l + 1) — f(2)] < ).
k=1 k=1

This implies that ¢(z) < ¢(y) and

() < o(y) — [f(y) — fF@)] < oly) — (f(y) — f(2)).

Thus, we have

o(x) — f(z) < d(y) — f(y).
Therefore, the function ¢ — f is increasing on |[a, b].
For the last assertion, if f € BV[a, b], then we have f = ¢—(¢— f) an so f can be written as
the difference of increasing functions as desired. Conversely, since BV [a, b] is a vector space
and every increasing function is of bounded variation, the difference of increasing functions
is a function of bounded variation. The proof is complete. O
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