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This will be a quick review on the materials you might have seen before.



Let us start with a sentence: R forms a complete ordered field which contains
Q as a dense subset. We shall describe properties of R with axioms which fall into
three main categories: algebraic properties, ordering properties and completeness.
I am going to omit the first two here please check the notes carefully. And the
completeness will be covered in lectures with associated properties and exercises
covered in the further recitations.

Consider the set of natural number N = {1,2,---}, it satisfies the property that
1 eNand if n € Nthen n+ 1 € N. We get all natural numbers by adding one to
1 € N. That allows us to formulate induction. Together with 0, NU{0} with addition
forms a monoid, a semigroup with additive identity 0. By adding more elements
(additive inverses), we arrive at Z, the set of integers, and (Z, +,-) is a commutative
ring with identity. By including multiplicative inverses, we get Q. The rational
numbers, give us a nice example regarding to the notion of equivalence relation.

Let us first recall some of the concepts.

Definition 1.1. Let X and Y be two sets. A relation R is a subset of the cartesian
product X X Y consisting of ordered pairs (z,y) where x € X and y € Y. We often
write Ry instead of (z,y) € R if z and y are related.

Both equivalence relation and function are special types of relation.

Definition 1.2. A relation = on a set X is called an equivalence relation if it is
reflexive, symmetric and transitive.

Once can check that the set Q of rational numbers is a collection of equivalence
classes in Z x Z \ {0} under the equivalence relation (a,b) ~ (a’,V’) if ab’ = ba’'.

Definition 1.3. A function f : X — Y is a subset f C X x Y such that for any
x € X there is exactly one element y € Y such that (z,y) € f. We often write

y = f(z).

We call the set X on which the function f is defined domain, and the set Y
codomain. Here are some other notations:
e The range of image of f:

f(X) ={y €Y | thereis z € X such that f(z) =y} CY.
e The (direct) image of a subset A C X:
f(A) ={y € Y | there is a € A such that f(a) =y} C f(X).
e The inverse image of a subset B C Y:
JUB) = {z e X | f(x) € B} C X.

Note that this notation is defined even if the inverse of f does not exist.



e The graph of f is the subset of X x Y defined by

{(z, f(2)) | 2 € X}.
Here are some simple examples:

Example 1.4. e Identity function on a set X; Let A C X, the indicator function
of A, xa: X — {0,1} is given by

() 1 if x € A
xTr) =
XA 0 ifzdA

e Is g: Q — Q given by g(a/b) = ab a function? Why?

Now you may want to think about that is the interaction between f, f~! and
set operations, for instance, taking unions and intersections. Here is an theorem
encoding the relations:

Theorem 1.5. Given a function f: X — Y, then for any A,BC X and C,D CY,
we have
(1) f(AUB) = f(4) U £(B).
(2) f(AﬂB)Cf( ) f(B )
(3) f~H(CUD) = f"HC)U f~HD).
(4) f~1(CnD) = f=HC)n f~HD).

Proof. T will only prove (1) here. In order to prove two sets are the same, we only
need to show two inclusions hold. For any y € f(AU B), there exists some z € AUB
such that f(z) = y. Since x € AUB, either z € Aorx € B. If x € A, then y € f(A);
if € B, then y € f(B). Thus y € f(A) U f(B). For the other direction, for any
y € f(A)U f(B), we have y € f(A) or y € f(B). Again, if y € f(A), then there
exists a € A such that f(a) = y; if y € f(B), then there exists a € B such that
f(a) =y. So there exists a € AU B such that f(a) = y. O

Remark 1.6. One should be careful that in general, we don’t have the equality
on (2). Here is an example. Let A = {—1,0,1}, B = Z and define the function
f:A— Btobe f(n) =n? Take

A={-1,0}, B=1{0,1}.

Then AN B = {0} and thus f(ANB) = {0}. But f(A)Nf(B)={0,1} # {0}. What
if the function f is injective?

Now recall a function f : X — Y being injective, surjective and bijective.

Definition 1.7. A function f: X — Y is called
e surjective or onto, if for any y € Y, there is € X such that f(z) =y.



e injective or one-to-one, if for any distinet 21,22 € X, we have f(z1) # f(x2).
Or equivalently, if for any x1, 22 € X with f(x1) = f(x2), then 1 = x1.

e bijective if f is onto and one-to-one, i.e. for any y € Y there is a unique x € X
such that f(z) =y.

One good thing about bijections is that they have inverses. This will turn the
following set
Sx ={f: X — X bijection}

with composition as the operation, into a group.

Recall that the composition of two functions f: X — Y and g: Y — Z is the
function go f : X — Z defined by (go f)(z) = g(f(x)). The order here is important,
and be careful about the domains and ranges. Given a function f : X — Y, if there
exists a function g : ¥ — X such that fog = idy and go f = idx, then we call
such g the inverse function of f. We have the following characterization of onto,
one-to-one and bijective functions:

Theorem 1.8. Given a function f: X — Y.
e f is onto if and only if a right inverse exists, i.e. there exists g : Y — X such
that f o g = idy.
o f is injective if and only if a left inverse exists, i.e. there exists g : Y — X
such that go f =idx.
o f is bijective if an only if its inverse exists.

Proof. To prove this theorem, suppose f is onto, then for any y € Y there exists
x € X such that f(z) = y. Define g(y) = x. Then fog(y) = f(z) = y is the identity
function on Y. Note that right inverse may not be unique! It is unique only if f is a
bijection. Conversely if there exists g : Y — X such that fog =1idy. Forany y € Y,
let = g(y). Then y = f(g(y)) = f(z) proves the function f is onto. The rest is left
as an exercise. O
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One of the applications for using bijection is to show two sets contains same “number”
of elements. Indeed, this is how we define a set F to be countable if we could build
up a one-to-one correspondence between E and the set of natural number N.

Definition 2.1. A set E is called countably infinite if there is a bijection f : E — N.
A set if called uncountable if it is not countably infinite or finite.

We call a nonempty set A finite if there exists some n € N and a bijection
f:A—[n]. T will use the terminology “countable” to represent countably infinite.
But some of the textbooks are using “countable” to represent either finite or countably
infinite.

The following are some properties of countable sets.



Proposition 2.2. Given two nonempty sets A, B.
(1) If A is countable and B C A, then either B is finite or countable.
(2) If A is countable and B is either countable or finite, then AU B is countable.
(8) If Ay, As, -+ is a sequence of countable sets, then U321 A is countable.
(4) If B C A and B is uncountable, then A is uncountable.

Proof. T will only prove (1) in detail. To see this, we can enumerate a countable set
A ={ay,az, -} (what is the bijection to N7). Let B C A be a nonempty subset.
Then write

B={neN|a,eB}CN

to keep track on all the indices of a,, € B. Then by the well-ordering property, B
has a least element, denoted by n;. Then consider

{neN]a, € B,n>ni}.

If it is empty, then B is finite; if not, repeat this process by applying well-ordering
property. Thus we can define a function f : N = B by k£ — a,, which is a bijection.

To see (2), we only need to prove the disjoint version and interpret AU B =
AU (B\ A) where AN (B\ A) = (. And the case when AN B = ) can be proved
with the help of the countability of sets of even/odd numbers. O

Example 2.3. e N is itself countable by the identity function id : N — N.
e 7 is countable since

fln) = .
—2n+1 if ke Z§O

is a bijection.

e The cartesian product N x N is countable.

One can use either the diagonal argument, or construct a function N x N — N
by sending (m,n) to 2™3™. Since the prime factorization is unique, so the
function is clearly injective. But this function is definitely not onto since there
is no preimage for, say 7 (natural numbers with primes other than 2,3 as
divisors). Since N x N is not finite, it has to be countable.

e Q is countable. There are multiple ways to see this. We can consider each
rational number with of form p/q with p, ¢ coprime and ¢ > 0 and consider
the function Q@ — Z x N by p/q — (p,q). Or one can also define A, = {m/n |
m € Z} for each n € N with map Z — A,, given by m — m/n a bijection, thus
each A,, is countable. Thus U2 ; A,, = Q is countable.

e R is uncountable. This can be proved by showing that the interval (0,1) is
uncountable. (If (0,1) is countable, then there exists a bijection f: N — (0, 1).
Consider the decimal representations and find an element in (0,1) with no
preimage.)



Now let us move on to have a quick review of supremum and infimum of a set
of real numbers. Given a set E C R, if M € R (may not be an element in F) is an
upper bound of E such that M < M’ for any upper bound M’ of E, then we call M
a least upper bound or supremum of F, denoted by sup F. Likewise, if m € R is a
lower bound of E such that m’ < m for any lower bound m/ of E, then we call m a
greatest lower bound or infimum of £. And we have seen in lecture that if sup exists,
it is unique, and properties of inf follows from that of sup. And moreover, if both
sup E and inf E exist, then we have the inequality inf £ < 2z <sup F for any x € E.

Given a nonempty subset £ C R.

The completeness axiom guarantees that every nonempty subset of R which is
bounded from above has a supremum. If E is bounded from below, consider

—E={-xz|xz€E},

then it is equivalent to that —F is bounded from above, and thus sup(—F) exists.
So with the reflection property inf E = — sup(—FE) (prove it) we get every bounded
from below nonempty subset of R has a infimum. This is a direct consequence of
completeness axiom.

Other results from completeness axiom include Archimedean property, and density
of Q, etc. Furthermore, sometimes it is useful by using the approximation of
supremum. Namely, suppose E C R is bounded from above and S € R, then
S = sup FE if and only if for any € > 0, there exists some a € E such that S—e < a < S.
Write down the infimum version of approximation theorem.
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The other way I like to interpret the infimum is the following. Use the same
assumption by assuming F C R is nonempty and bounded from below. Consider the
set of all the lower bounds of E:

L:={leR|i<zforalzekFE}

Then set L C R is nonempty is bounded above. By the completeness axiom,
a = sup L exists. Claim that the supremum « = inf E. For any x € E,  is an upper
bound of L, thus a < x meaning that « is a lower bound of E. For any lower bound
l of E, since I € L we must have [ < a. Thus « is the greatest lower bound of E.
Therefore « = sup L = inf F.

Let’s look at some examples.

n

Example 3.1. . E:{xER|x:1+(_1)"7nEN}.

Depending on whether n is even or odd, we can write

1-1 if n is odd.

n

_{14—}1 if n is even;



Note that for any n € N, 1 <1+ 1/n <2 while 0 <1—1/n < 1. Thus the set
F is both bounded from above and below. Actually, the minimum attains at
n =1 (odd) and thus inf F = min £ = 0. Since {1 + 1/n} is decreasing, then
the maximum attains at n = 2, with sup E = maxE =1+ 1/2 = 3/2.
E=[0,v2]NnQ.

First notice that 0 and v/2 can be viewed as lower bound and upper bound of
set F, respectively. Moreover, inf E = min E = 0. Now claim that /2 is the
supremum of E. If there is an upper bound satisfying = < /2, then apply the
density of Q there must be a rational number ¢ € Q such that = < g < /2
violating that z is an upper bound. Thus v/2 must be the least upper bound.
E={n+21|neN}u{10}.

First of all F is not bounded from above since if N is an upper bound of FE,

then N < ([N]+1) + [N}ﬁ € E is a contradiction. FE is clearly bounded

from below. Since for any n € N, we have n 4+ + > 2 (simple AM-GM) with
inequality holds when n = 1. Thus inf £ = min F = 2.

E={n+21|neN}uU{l}. As the example above, E is not bounded from
above. And min{n + 1/n |n € N} = 2. Thus inf ¥ = min £ = min{2,1} = L.

Enlightened by the last example above, we can formulate in general:

Proposition 3.2. Given A, B C R bounded. Then AU B is bounded and sup(A U
B) = sup{sup A, sup B}.

Here are some other properties of sup/inf.

Proposition 3.3 (Monotonicity). Suppose A C B are two nonempty subsets of R.
(1) If B is bounded from above, then sup A < sup B.
(2) If B is bounded from below, then inf A > inf B.

Proof. T will only prove (1). If B is bounded from above, then any upper bound of
B is also an upper bound of A thus A is also bounded from above. Both sup A and
sup B exist by completeness axiom. Moreover sup B is an upper bound of A thus
sup A < sup B. O

Let A, B C R. Define

A+B:={a+blac Abec B},
A—B:={a—-b|la€c Abec B}

Proposition 3.4. If A, B are nonempty subsets of R.
(1) sup(A + B) = sup A + sup B.
(2) sup(A — B) = sup A — inf B.

Write down the version for infimums yourself.



Proof. First of all A+ B is bounded from above if and only if A and B are both
bounded from above. Thus sup(A + B) exists if and only if sup A and sup B both
exist. In this case, for any a € A and b € B, we have

a+b<supA-+supB.

It implies sup(A + B) < sup A + sup B. For the other direction, apply the approxi-
mation theorem. For any € > 0. There are a € A and b € B such that

supA—%<a, supB—%<b.

Thus sup A +sup B — e < a+ b for any € > 0. Therefore we get sup A + sup B <
sup(A + B).

(2) can be proved using infection property the result from (1). Namely sup(A —
B) =sup A + sup(—B) = sup A — inf B. O
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We can also define supremum and infimum of a real-valued function, i.e. a function
with range a subset in R, by taking the sup/inf of its range. Here is the definition.

Definition 4.1. Suppose f : A — R is a one-variable real-valued function with
bounded range. Then

sup(f) = sup{f(2) | = € A},
igf(f) =inf{f(x) |z € A}.
Straightforward properties are

Proposition 4.2. Suppose that f,g: A — R and f < g pointwisely, i.e. f(a) < g(a)
for any a € A.

e If g is bounded from above, then sup 4(f) < sup4(g);

o If f is bounded from below, then inf 4(f) < inf(g).

Proof. If f < g pointwisely and g is bounded from above on A, then for any a € A,
fla) < gla) < sip(g)-

Thus sup 4(g) is an upper bound of f(A) meaning sup4(f) < sup,(g). O

Remark 4.3. e the condition sup 4(f) < sup4(g) cannot give any information
on the ordering of values f(a) and g(a) for a € A. Also, even if we have the
strict inequality f < ¢ pointwisely, it doesn’t mean we get sup 4(f) < sup4(g)
strictly. For example let A = (—1,1) and g =1 while f(z) = |z|.



e In general, if we only have f < g pointwisely (weak), we don’t have sup(f) <
inf(g). For example let f, g : [0,1] — R be given by f(x) = 3z and g(z) = 3z+1.
Clearly we have f(z) < g(z) for any = € [0, 1]. But sup(f) = 3,inf(f) = 1.
But if we assume f(z) < g(y) for any z,y € A, then we get sup(f) < inf(g). It
is much clearer by drawing a graph.

Let me sketch the proof here. By way of contradiction if we have sup(f) > inf(g).
Then for any € > 0, there are z,y € A such that sup(f) — ¢ < f(z) and
g(y) < inf(g) +e, i.e.

g(y) — e < inf(g) <sup(f) < f(z) +¢€

meaning
9(y) — f(x) — 2¢ < inf(g) — sup(f).

By taking e = (sup(f) — inf(g))/2 we have g(y) — f(x) < 0 for some z,y € A
which is a contradiction.

Given two functions f,g: A — R, Define
f+g={f(@)+g()|zec A}

What is the order relation between sup 4(f + g) and sup 4 f + sup 4 g? Note that if
we view F' = {f(z) | z € A} and G = {g(z) | z € A}, then

sup{f(z) +g(y) | v,y € A} =sup F +supG

can be easily deduced since F + G = {f(z) + g(y) | z,y € A}.
But f+ g C F + G so we of course get

sgp(f +g) <sup(F + G) = sup{f(z) +g(y) | x,y € A}

by monotonicity. But they may not be equal. Here is the idea. We want to construct
two different functions f, g which attain their maximums at different points in A.
For example, take f,¢g:[0,7/2] = R given by

flz) =sinz, g(x)=cosz.
Then

(f +9)(x) =sinz + cosz = V2 (?sinx—&— ?cosx) = /2sin (x—i— g) < V2.

But sup, f = 1 =sup, g and thus sup 4 (f + g) = V2 < 2 = sup 4 (f) + sup4(g).
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5 Quiz 1

1. (a) (3pts) Let A be a nonempty subset of R. State the definition of the infimum
of A, in any of its equivalent forms.
(b) (2pts) State the density of rationals.

Proof. (a) m € R is an infimum of the set A C R if it satisfies: (1) m is a lower

bound of A4, i.e. for any a € A, we have m < a, and (2) For any lower bound

m' of A, m’ < m, or equivalently, for any m’ > m, there is an a € A such that

a < m/, or equivalently, for any € > 0, there is an a € A such that a < m +e.

(b) That the set Q is dense in R means for any a,b € R with a < b, there is a
rational number r € Q such that a < r < b.

O

1 1
2. (5pts) Let A = {2—1— -+ —
non

neN } Find inf A and prove your assertion.

Proof. First of all A is bounded from below, for instance by 2 since

1 1
2<2+*+72
n n

for all n € N. Thus inf A exists. Claim that inf A = 2. For any € > 0, by the
Archimedean Property, there exists a natural number N € N such that 2/e < N.
Thus we get an element 2 + 1/N + 1/N? € A such that

1 1

11 2
24—+ — <2+ 4 =24 <24e
MDA I R R

Therefore inf A = 2. O

6 SEPTEMBER 6

This week we start section about sequences. We say that a real sequence {x,,} (which
is defined to be a function f : N — R by assigning n to z,,) converges to a finite
L e R if for any € > 0 there is an N € N such that |x,, — L| < € holds for all n > N.
And we often write lim,, o, a, = L or &, = L as n — co. A sequence {x,} diverges
if for any L € R there is an € > 0 such that for any N € N there is an n > N
such that |z, — L| > ¢, though this is not the usual way to show some sequence
is divergent. Beside, the notion of divergence means “not convergent”, including
infinite limits. while convergence only refers to finite limits. Note that we say “a
limit of a sequence exists” if it is either finite or infinite. We will talk about them
later.

Let’s begin with some examples viewing limits of sequences by mainly using the
definition.
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Example 6.1. (1) lim, (3 (1 + %)) = 3. For any ¢ > 0, by Archimedean
Property, there is an N € N such that 3/e < N. For any n > N, we have

1 3 3
3(14+—-)-3|=—-<— .
‘(+n) ’ n_N<6

1 .
(2) { + sm(n)} — 0 as n — oo. First of all using the triangle inequality, we

n n+1

have
1

1 sin(n)
n n+1 n+1
If using 2/n as a bound, then one can simply choose N = [2/¢] + 1. If using
the sum as a bound, then for any € > 0, there is an N; € N with N; > 2/e by
A.P. such that |1/n| < |1/N1| < €/2 for all n > N;. There is also an Ny € N
with No > 2/e — 1 by A.P. such that |1/(n +1)] <|1/(N2+ 1)| < ¢/2. Then
take N = max{Ny, N2} € N we have

(or simply < 2/n).

1 sin(n)<1+ 1 <€
— — -+ -=e
n n+l|"n n+l1—"2 2
6n2 +5
(3) ot — 3 as n — oo. First of all, observe that
2n2 — 3n
6n2+5| | 9n+5 | 10n 10
2n2 —3n| |2n2 —3n n?

where the last inequality holds when n > 5 (since it is easy to check that
9n+5 < 10n iff n > 5 and 2n2 — 3n > n? iff n(n —3) > 0). Thus for any € > 0,
by A.P., there is an N; € N with N7 > 10/e or Ny = [10/¢] + 1 if you want to
make it explicit. Take N = max{6, N1} € N, then for any n > N,

6n%+5
2n2 — 3n

(4) {14 (=1)"} diverges. Suppose it converges to some finite real number L € R.
For e =1, we can find N € N such that for any n > N,

1+ (-1)"—=L| < 1.
But if n > N is odd, then
1+ (-1)"—-Ll=|L<1l < —-1<L<1;
if n > N is even, then
N+ (-1)"—-L|=2-L|<1 < 1<L<3.

It leads to a contradiction. Thus {1 + (—1)"} cannot be convergent.
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(5) The following example requires a little more work. Test the conv/div of the
sequence {sin(n) | n € N}.
By way of contradiction, suppose that {sin(n)} converges to some finite L € R.
Then sin(n — 1) — L and sin(n + 1) — L as n — oo. By the limit theorem, we
have sin(n + 1) —sin(n — 1) — 0 as n — co. But

sin(n 4+ 1) — sin(n — 1) = 2sin(1) cos(n).

Thus 2sin(1) cos(n) — 0 as n — co. Since 2sin(1) is a constant, we must
have cos(n) — 0 as n — oo and thus cos?(n) — 0 as n — co. By the identity
sin?(n) + cos?(n) = 1, we have sin?(n) — 1 as n — oco. Together with the
assumption, it implies L? = 1. Now consider

sin(n 4+ 1) = sin(n) cos(1) + sin(1) cos(n) — L, n — oo

where the second term approaches to 0 eventually and the first term approaches
to cos(1)L eventually. It yields cos(1)L = L which implies cos(1) = 1 which is
a contradiction. Therefore {sin(n)} is not convergent.

7 SEPTEMBER 8

Besides the algebraic property we have used multiple times in the above examples, we
also have the comparison properties for sequences by comparing their tail terms. One
of the theorems might shorten our find-the-limit procedure is the squeeze theorem.
It tells us that if a,, < b, < ¢, holds eventually for sequences {a,},{b,}, and {c,},
and lima,, = lime¢,, = L, then limb,, = L as well.
Here are some examples.
(0) Show lim g3 = 0.
First we write 2" = (1 4 1)™ with binomial expansion:

() () 0)

holds eventually. Now we have

Then

E
[\)

0< - <

n n—1

[\]

holds eventually. By squeeze theorem, we proved the limit is zero.



(1) Given a € R with |a| < 1. Show lima™ = limna™ = 0.

~

We have seen the proof for the first limit during the lecture. If a = 0, then
the result is obvious. Now assume a # 0 with |a| < 1. Since 1/]a|] > 1, we can
write 1

— =1+ h for some h > 0.

lal

So for any n € N,

1 n n
— =(1+h"=1 h h? 4.+ h"
jap =+ *(1) *(2) ot

We will use the second summand for the first limit and the third summand for
the second limit. In other words, we get

1 1
— >nh = 0<|a|" < —,
la|™ nh

and 1 (n—1) 1 2
n(n —
— > —= 0< < .
|a|™ 2 nla|™ ~ (n—1)h?

Since 1/nh — 0 and 2/(n — 1)h? — 0 eventually, by the squeeze theorem,
lim |a|™ = lim n|a|™ = 0 which is equivalently lim ¢ = lim na™ = 0.

{%/n} - 1 as n — co. First of all ¥/n > 1, so we can write {/n =1+ h,, for
all n € N with h,, > 0. Using the binomial expansion, for n > 1,

(n—1)

-1
n:(l—i—hn)”Zl—i—nhn—i—n h?>M

2 " 2

hi<i — 0<hn<,/i.
n—1 n—1

By the squeeze theorem, we proved h,, — 0 as n — 0o which means ¢/n—1 — 0
as n — 0o. Therefore {/n — 1 as n — oo.

Using the squeeze theorem, one can also deduce the following nice result.
Suppose we have a nonempty subset £ C R. If E is bounded from above, then
by the Completeness Axiom, a := sup F exists. We can actually construct a
sequence {a,} C F fully contained in E with limit a = sup E. Here is the
construction. For each n € N, take e = 1/n > 0, there is an a,, € E such that

2
hna

and thus

1
a—— <a, < a.
n

Apply the squeeze theorem, we get a,, — a = sup F eventually as desired.
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8 Quiz 2

1. (5pts) State the definition of the limit of a sequence {a,} C R.

Proof. A sequence {a,} in R converges to a finite L € R if for any € > 0, there is
an N € N such that |a, — L| < € for all n > N. O

2. (5pts) Prove using the definition of the limit (find N(e) for every € > 0) that
. mcosn
lim =
n—roo ’n,2 =+ 1

Proof. For any € > 0, by Archimedean Property, there is an N € N such that
N > 1/e. Then for all n > N, we have

n.Ccosn n < n 1 < 1 <
o< <e
n?24+1| " n24+1 n2 n N
which shows the limit equals to 0. [

9 SEPTEMBER 13

We call a real sequence {a,} C R diverges to oo if for any positive M > 0 there
exists an N € N such that a,, > M for all n > N. Or simply, a,, > M eventually for
all M > 0. Likewise, we way a real sequence {a,, } diverges to —oo if for any negative
M < 0 there exists an N € N such that a,, < M for all n > N. Or simply a,, < M
eventually for all M < 0.

Here are some (non)examples of infinite limits:

Example 9.1. e n?2 — 00 as n — oo. This is because n? > M eventually for all
M > 0, for example take N > /M.

e {a,} =1{1,2,1,3,1,4,1,5,1,6,--- } does NOT diverge to co. For example, if
we take M = 10, no matter what value N € N takes, the term 1 always occurs
at every odd position.

e {Inn} — oo asn — oco. This is because In z is increasing and Inn > IneM = M
eventually for every M > 0, for example take N > .

Now let us consider a special type of sequences, monotonic sequences. Given a
real sequence {a,}, recall that

e {a,} is called eventually increasing if a,, < a,, holds eventually for m < n;

e {a,} is called eventually decreasing if a,, < a, holds eventually for m > n.
For (eventually) monotonic sequences, convergence is closely related (equivalent) to
boundedness. This is the monotonic convergence theorem.

Theorem 9.2. Given a real sequence {ay}.
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e Suppose {an} is eventually increasing. Then {a,} converges if and only if it is
bounded from above;

o Suppose {an} is eventually decreasing. Then {a,} converges if and only if it is
bounded from below.

Note that there are multiple ways to check monotonicity for a given sequence.
For example, suppose {a, } is a real sequence with a,, > 0 for all n or eventually, to
check {a,} is increasing is equivalent to check

e a, < ap41 eventually;

® a,11/a, > 1 eventually.

The above can also be easily reformulated to eventually decreasing sequences and
sequences eventually with negative terms.

Here are some examples:

(1) an = =

7 .
Notice that {a,} is a sequence with positive terms, and

a, 2"l n  2n T 2n

an+1_n+12”_n+l<n+n:1.

It implies that {a,} is decreasing. Moreover {a,} is bounded from below, and
thus it converges.
n

Notice that a,, > 0 holds for all n € N. Moreover

P gn+l 1432 1+9n 1+9n

a,  1+3240 " gn T CTqontl U3 49n)

where the last inequality holds for all n since 1 + 9"*! > 3 4+ 39" holds for
all n € N. This show that {a,} is strictly decreasing. Since it is also bounded

from below, it is convergent.
_1-3-5---(2n—1)

(3) an =
2nn)
By direct calculation we get
(2n + 1! 2n—1)!! 2n+1 2n +1
Opy1 = = =an < ap
2ntl(n 4+ 1)! 27l 2(n+1) 2(n+1)

holds for all n € N. Thus {a,} is decreasing and it is also bounded from below
by zero, so it converges.

Sequences sometimes may not be given explicitly in terms of the index n, like
Fibonacci sequence (even if we can write down its general form). For the sequences
with term a,41 defined by expression with a,, is called recursive sequences. Given a
recursive formula together with the initial term a1, one can write down each term in
this sequence. But the convergence of such recursive sequence may or may not rely
on the value of the initial element. Here are some examples.
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(1) any1 = a? where a; = a.
We first consider the case when 0 < o < 1. Then a,, € (0,1) for all n € N.
Moreover, a,11 = a2 < a, shows that {a,} is decreasing. And it is bounded
from below by zero, so it converges with limit L satisfying L = L?. So the limit
L is either 0 or 1. But since the sequence is decreasing the limit cannot be 1
(make it rigorous by taking € < 1 — « for instance). Thus the limit is zero.
When « > 1. Then a,, > 1 for all n € N. Moreover 1 < a,, < a% = Gp+1 Means
that {a,} is increasing. If it converges then the limit has to be either one or
zero but both are impossible (why?). Thus the sequence is unbounded from
above and it doesn’t converge.

(2) ant1 = V2 +ay, with a1 = V2. One can use induction to show the sequence is
strictly increasing and bounded from above.
Claim that {a,} is strictly increasing. First of all ay = V2 + V2 > V2 = a;.
And assume agy1 > ag. Then agio = /2 + apy1 > 2+ ar, = agy1, done.
Now claim that it is bounded from above by 3. Firstly a; = v/2 < 3. Assume
ap < 3. Then a1 = V2 +ar < V5 < 3, done. We showed that {a,} is
strictly increasing and bounded from above, thus it converges with limit L
satisfying L = +/2 + L. Therefore L is either 2 or —1. But {a,} is a positive
sequence so the limit has to be 2.

10 SEPTEMBER 15

Let us first finish the example from last time:
(3) @n+1 = sin(ay,) without condition on a;.
Draw the graphs of y = sin(z) and y = x, notice that

i) =1 <a, <1 forall n > 2. Thus {a,} is bounded.

ii) In [—1,1], = and sin(z) will have the same sign, i.e. either both positive
or both negative. It means that for n > 2, all a,’s share the same sign
since sin(a,) = an+1 and a, have the same sign.

iii) If > 0, then sin(x) < z; If < 0, then sin(z) > x.

Now we consider two cases.

i) If ag = sin(aq) € [0,1]. Then all a,, with n > 2 are nonnegative. Namely
0<a, <lforalln> 2. Thena,+; =sin(a,) < an, so {a,} is decreasing.
And it converges to zero.

ii) If ap = sin(a;) € [—1,0]. Then all a,, with n > 2 are not positive. Namely
—1<a, <0 for all n > 2. Then a,y1 = sin(a,) > a,, ans thus {a,} is
increasing. And it converges to zero also.

This is an example of recursive sequence with convergence property doesn’t
depend on the value of the initial element.

Proposition 10.1. If {z,} = x as n — oo, then
(1) {sinz,} — sinx as n — oo;
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(2) {cosx,} — cosz as n — co.

Proof. For any € > 0, since {x,} — = as n — o0, there exists an N € N such that
|z, — x| < € whenever n > N. Then

9 Ty +X . Tpn — X
CoS Sin

2 2
sin

2

Ty — T

|sinz, —sinz| =

<2

<2

‘<e.

For cosine, one needs to use the formula:

COS X, — CcosT = —2sin (m";x>sin (xn2x> O

Finally let’s end with two examples applying fundamental limits.

Example 10.2. Find the limits of the following sequences by applying some funda-
mental limits:

w{(-2)

1 -
+ =
Since
n*+5  [n*(145/n?) _ /A 1+5/n*
n+3 \ n(l+3/n) 1+4+3/n
we have
) s
1 e = 1 R —
(1+%) (1+%) ‘
as n — oo
76/n* 1
@) G (-
sin(3/n?)
We rewrite
6/n% _ 6/n% _ 2 6/n% _ 2
7r' 1 1.6/71 o[ 1 '3/n s olnn
sin(3/n?) 6/n? sin(3/n?) 6/n? sin(3/n?)
as n — oo.
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11 Quiz 3

1. (a) (2pts) State the definition of an eventually decreasing sequence.
(b) (3pts) State the Monotonic Convergence Theorem.

Proof. (a) We say a sequence {a,} eventually decreasing if there exists some
N € N such that a,, > a,41 holds for all n > N.

(b) Given a sequence {a,} C R. If {a,} is eventually increasing, then it is
bounded from above if and only if it converges. If {a,, } is eventually decreasing,
then it is bounded from below if and only if it converges. O

2. (5pts) Prove using the Monotonic Convergence Theorem that the sequence {a,} C

R given by
A, = 171 17i - 17i
2 22 omn

Proof. First notice that (1 — 1/2™) is positive for each n € N. Thus a,, > 0 for all
n € N, i.e. {a,} is bounded from below by zero. Moreover, for each n € N,

1
Up41 = An <12n+1> <an

implies that {a,} is monotonically decreasing. By the Monotonic Convergence
Theorem, the sequence {a,} converges. O

converges.

12 SEPTEMBER 20

Given a real sequence {a,}. Let ni,na,--- be positive integers such that ny < ng41
for each k € N then the sequence {a,, } = {an,,an,, -} is called a subsequence of
{a,}. A subsequence of {a,} can also be characterized by a function f : N — N
given by k — nj, meaning that the k-th term in the subsequence is the nj-th term
in the original sequence. Moreover, based on how subsequence is constructed, ni > k
always holds for all k € N.

One of the nice properties regarding subsequences is that a sequence {a,} con-
verges to a finite limit a if and only if every subsequence of {a,} converges to a.
This gives an easy and efficient way to check a given sequence is not convergent.

This also leads to the notion of limit points of a sequence. A sequence may not
converge but it may have convergent subsequence. A real number a € R is called a
limit point of {a,} if there exists a subsequence of {a,} with limit a. So, one can
show that a real sequence is convergent if and only if it is bounded and has exactly
one limit point.

Here are some standard examples.
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1
Example 12.1. (1) a, =3 (1 — ) +2(=1)".
n

Take subsequences {agr} and {asx+1}. One approaches to 5 but the other
approaches to 1. 1 and 5 are two limit points of {a,}. And such sequence is
not convergent.

TIn
2
Take subsequences {a(arys } and {a(ar+1)3}. One approaches to 0 and the other
approaches to 1. Thus the sequence is not convergent. What are the limit
points of this sequence?
(3) Define

(2) ap =sin

n if n is odd,
ap =
1/n if n is even.

Such sequence {a,} contains an unbounded subsequence {as41} so it is not
convergent. But {a,} does have one limit point which is zero.

(4) Consider {ry,r9, -} as an enumeration of rational numbers Q. Then every
element a € R is a limit point of {r,}. This is because for each k € N the
interval (a,a + 1/k) contains infinitely many rational numbers. So we could
construct a subsequence {r,, } with |r,, —a| < 1/k for all k € N.

Actually, one can show that every sequence in R has a monotonic subsequence.
We can then easily conclude that every bounded sequence in R has a convergent
subsequence (Bolzano-Weierstrass Theorem). The standard way of proving the
Bolzano-Weierstrass Theorem is to apply the Nested Interval Property.

Make sure you know how to apply Archimedean Property to show for example

fj [—;,1 + H — [0,1].

In general, it is not easy to show a given sequence converges since one has to
guess the limit first. But Cauchy sequences provides a way to avoid the guesswork.

A sequence {a, } in R is call a Cauchy sequence if for any € > 0 there isan N € N
such that |a,, — a,,| < € for all m,n > N. A real sequence is Cauchy if and only if it
converges (Cauchy Criterion).

Example 12.2. (1) Given a sequence {a,} C R with property
lan — ani1| < 7"

for all n € N and a fixed 0 < r < 1.
Sequences with this property is convergent. We want to show such sequence is
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Cauchy. Assume m > n and consider

|an - am‘ S ‘an - an+1| + |an+1 - an+2‘ + -+ |am,—1 — Qm
ST”+T”+1+"'+Tm_1
:r"(1+r+-~-—|—rm_”_1)
nl — pm—n r o pm rn

= = < .
—- 1—r —1-—7r

It is easy to find IV € N such that fnr < e for all n > N since r € (0,1).

(2) Consider -
cosl cos2 cosn

T R T T D

Claim {ay,} is Cauchy. Assume m > n,

lan — am| < | cos(n + 1)] | cos(n + 2)] ., |cos(m)|
“(n+1)n+2) (n+2)(n+3) m(m + 1)
“n+1)n+2) (n+2)(n+3) m(m + 1)
1 1 1 1 1 1
T n+41 n+2+n+2 n+3+”.+m m+1
1 1 1

n+1 m+1 “n
Then we can take for example N = [1/¢] + 1.

Note that if a real sequence {a,} is Cauchy, then by definition
|an — ant1] < €
holds eventually for any € > 0. But the converse is NOT true.

Example 12.3. (1) Take a,, = v/n. Then
= -0
vn+1l++/n

as n — 0o. But {a,} is not Cauchy since is it not even bounded.
(2) Take a,, =Inn. It is not Cauchy since it is not bounded. But

an+1_an:\/n+1_\/ﬁ:

1
—Inl1=0

ln(n+1)—lnn:1nn+

as n — oQ.
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13 SEPTEMBER 22

Showing a real sequence is Cauchy instead of proving convergence directly is often
used when the limit of such sequence is not so easy to guess. Even though we can
prove the convergence of the following sequence directly we prove it is Cauchy using
the definition of Cauchy sequences just for practice.

Example 13.1. Consider the sequence a, = n?—il For any € > 0, there exists
some natural number N € N such that 2/e < N by Archimedean Property. For any
n,m > N we have

n? m?
anam|n2+1m2+1‘
b
n?+1 m?+1
1 1
_n2—|—1+m2+1
<l l<z<e.
n m -~ N

This shows that the sequence {a,} is Cauchy.

The following is also a nice property of subsequences. Roughly speaking, the
subsequences {agr} and {asxy1} of even and odd terms respectively can give us
enough information about the convergence of {a,}.

Proposition 13.2. Given a sequence {a,} C R. If both subsequences {asi} and
{agk+1} converge to the same limit, say L, then {a,} converges to L.

Proof. For any € > 0, there exists an N7 € N such that for all even indices 2k > N;
lagk — L| < e.
There also exists No € N such that for all odd indices 2k +1 > N»
lask+1 — L| < e.

Now take N = max{Ny, N2}, then for any n > N, no matter whether n is even or
odd, we always have |a, — L| < e. It implies that {a,} converges to the limit L. O

The above proposition provides an idea of constructing an example in Homework
2 Problem 4(b). We want to construct a real sequence {a,} with limit 1 and a,, <1
for all n € N, but it is not eventually increasing. In other words, we want a convergent
sequence “wiggling” towards 1 but strictly less than 1. The following two graphs
gives a basic idea of construction.
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For the first graph you could take your x values discretely as 1,1/2,1/3,--- ,1/n,- -,
and plug into two functions(lines) alternately given by y =1 — Cyz and y = 1 — Cox
for some positive constants C7,C5. The constants C; or the slopes of lines are
manageable to guarantee the sequence to be not eventually increasing.

Or by taking reciprocal, or you don’t like lines, you could also consider hyperbola
in the following way:

T

/

For example, we can take two hyperbolas y =1 — Cy/x and y = 1 — Cy/x and
plugin 1,2,--- ,n,--- discretely and alternately, to get the sequence. The constants
C1, Cy are still manageable to make the sequence to be not eventually increasing.
Note that the hyperbolas you choose should have horizontal asymptote at y = 1 to
ensure the limit is one. Two hyperbolas (or lines in the first graph) can be made
to correspond to the even and odd subsequences, i.e. use (—1)" for example. Thus
both these subsequences will share the same limit 1, by the proposition proved above,
we get the limit of the sequence we constructed by jumping back and forth on two
curves/lines is also 1. I will let you figure out how to make the example explicit.

Let’s move on to the new chapter. Before doing the limits of functions, let’s recall
the notion of cluster points and isolated points of a subset in R.
Given a subset £ C R. Then z € R is
e an isolated point of E if v € E and there exists 6 > 0 such that EN(z—4, z+J) =
{z};
e a cluster point of E if for every 6 > 0 the interval (x — 6,z + ) contains a
point in E which is distinct from zx.
By definition, an isolated point of £ must be in . But a cluster point may not
be an element in E.
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Example 13.3. e Consider the subset E = (1,2) U (2,3) U {4}.

The set of cluster points of E, denoted by E' = [1,3]. And 4 is the only isolated
point of E.

e Consider the subset E = {1/n | n € N}.
Every point of F is an isolated point since one can always find a sufficient
small interval about 1/n which does not contain 1/m for any m # n. The only
cluster point of E is 0 which is not an element in E. Since every open interval
about 0 contains 1/n for sufficiently large n.

e Consider Q C R.
The set of rationals has no isolated point. And every real number is a cluster
point of Q.

14 Quiz 4

1. (1) (2pts) State the Bolzano-Weierstrass Theorem.
(2) (3pts) State the definition of a Cauchy sequence {a,} C R.

Proof. (1) Every bounded sequence in R has a convergent subsequence.
(2) A real sequence {a,} C R is Cauchy if for any ¢ > 0 there exists an N € N
such that for any n,m > N, |a, — an| < €. O

2. (5pts) Prove that the sequence {a,} given by

n-(—1)L5l 42

an = n+1

is not convergent.
Proof. Take two subsequences {agr} and {ag(2x41)}. Then

6k(—1)%* +2  6k+2

— — 1 sk .
O T Gk 4 1 Ghr1 o WET
6k +3)(=1)*+1 +2  —(6k+3)+2
= = _1 k .
ok3 6k +3+1 6hra o WET™
Since 1 # —1 the sequence {a,} cannot be convergent. O

15 SEPTEMBER 28

In the new chapter we will focus on real valued functions, Recall that a function
is a subset f C A x B of the cartesian product such that for any a € A there is
exactly one element b € B such that (a,b) € f. We have introduced the concept of
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cluster point of a given subset of R. Namely given a subset A C R, we call a € R
a cluster point of the set A if for any € > 0 there is a point in AN (a — €,a + ¢)
other than a itself. Equivalently, if there is a sequence contained fully in A\ {a}
with limit equaling a. Or equivalently, for any ¢ > 0 there is some x € A such that
0<|z—al<e

In this case, we will have sufficient amount of points near a to study the behavior
of a function f: A — B when x approaching to such cluster point a.

Given a function f: A — R with a € R a cluster point of A (may not be a point
of A). We have the following types of limit when z — a, z — ¢~ and z — a™:

(1) We say a limit of f(x) as = tends to a exists if there is a real number L such that
for any € > 0 there exists a § > 0 such that for any z € A with 0 < |z —a| < ¢
we have |f(z) — L| < e. Denote by lim,_,, f(z) = L.

(2) When restricting the above on (—oo, a)NA we get the definition of lim,_,,- f(z) =
L. Namely for any € > 0 there exists some ¢ > 0 such that for any = € A with
a—06 <z <awehave |f(r)— L| <e.

(3) Likewise we can define lim, ..+ f(x) = L by restricting on (a,c0) N A.

Note that a limit is unique whenever it exists. And we also have the sequential
characterization by saying that lim,_,, f(z) = L if and only if for any sequence
{zn} C A\ {a} we have f(z,) — L as n — oco. The sequential argument is often
used to show that the limit of a function does NOT exist.

We can also define the limit of f when x tends to +o00 if (¢,00) C A or (—o0,c) C A
for some ¢ € R. Moreover, we can define infinite limits, in other words, define the
function f(x) converges to +oo.

(4) lim, o f(x) = L means for any € > 0 there exists an M € R such that z > M
implies |f(z) — L| < €. One can define lim,_,_, f(z) = L similarly.

(5) limg—, f(x) = co means that for any M € R there exists a § > 0 such that
for any z € A with 0 < |z —a| < ¢ we have f(z) > M. One can define
lim,, f(z) = —oco similarly.

Her are some examples:

Example 15.1. e Consider a function f: R — R given by

x2 if x € Q;
x if x ¢ Q.

Check whether lim,_,; f(z) and lim,_,» f(z) exist or not.

First of all both 1 and 2 are cluster points of the domain R. And for the limit
as x tends to 1, we consider |f(z) — 1| (with some guesswork by looking at the
graph). We can write

|22 — 1| = |z + 1||z — 1] if z € Q;

|f(‘”)_1|:{|x1| its ¢ Q.
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If we consider 0 < |z — 1| < 1 (interval centered at 1 with radius 1), then
|+ 1] =]z —1+2] <|z—1|4+ 2 < 3. In this case we have

|22 — 1| = |z + 1||x — 1] < 3|z — 1.

For any ¢ > 0, one can take 6 = min{1,¢/3} such that for any z € R with
O<|z—1]<4,ifz €@, then |f(z)—1]=|z+ 1]z -1 <3|z -1 <¢/3<¢
if x ¢ Q, we have |f(z) — 1| =]z — 1] <e.

For the limit as = tends to 2, apply the density of Q and Q¢ in R. Namely
there exist sequence {a,} C Q\ {2} and {b,} C Q° with a,, — 2 and b, — 2
as n — oo. But f(a,) = a2 — 4 and f(b,) = b, — 2 as n — oo which are not
equal. So by the sequential characterization the limit of f as x tends to 2 does
NOT exist.

Consider the function f : R — R given by

f(z) =2 +22+1.
Claim that lim,_,; f(x) = 4. Consider
|f(z) — 4] = |2® 4+ 22 — 3| = |z — 1|[2® + = + 3|.

Notice that when [z —1| < 1, i.e. z € (0,2), since 22 +x+3 = (z+1/2)2+11/4,
this quadratic form is increasing on (0, 2) and is always positive on (0,2). Thus
|22 + 2 + 3] < 9 when |z — 1| < 1. Then for any ¢ > 0, one can take
d =min{1,¢/9}. For any 0 < |z — 1] < §, we have

f(@)—4|=|z—1jz* +z+3| <9z — 1| <e

Prove the one-sided limit
z—3

lim ———— = .
=1+ 3 —x — 222

First of all note that
r—3 r—3

1@ = s o ~ oG 2

Our goal is that for any M > 0 find § > 0 such that for any x with 1 < x < 149,
we have f(z) > M. For 1 <z <1+, i.e. =0 <1—x <0, one always have

1 1

17x< &

Forl<z<1l41=2 onehave 2<zx—-3<—-land5<2x+3<7. So
1 1 1

72%+3 "5
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Take 6 = min{1,1/7M}, we have

r—3 i i S N
(1—-2)3+2x) " 7(1—2)  7(1—2) 75 '

e Show that
sin(x)

lim =0.
Tr—r 00 5[,‘2

For any € > 0 take M = 1/4/€ so that for any > M we have

e Find the following limit

. (:c2 + 1)
lim x cos .
x—0 1‘3

First even if z = 0 is not in the domain of such function but it is a cluster
point so we can still discuss its limit. Moreover we have

0<

2 +1
x cos ———| < |zl.
T

Since |z| — 0 as « — 0 by the squeeze theorem, we showed the limit is zero.
e Consider whether the following limit exist or not:

Again x = 1 is not in the domain but it is a cluster point so it makes sense to
talk about this limit. Take sequences a,, = 1+ 1/n approaching to 1 as n — oo,
and b, =1 — 1/n also approaching to 1 as n — co. But 1/1n(a,) — oo while
1/1In(b,) — —oo as n — oo thus the limit does NOT exist by the sequential
characterization.

16 OCTOBER 4

We also have the corresponding algebraic properties of limits of functions. All of
the followings can be shown by using the sequential argument but they can also be
shown directly by definition.

Theorem 16.1. Suppose that f,g: A — R are functions and a is a cluster point of
A. Assume that the limits

lim f(z) =L, limg(z)=M

r—a Tr—a
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both exist. Then

lim kf(x) = kL, forkeR;

lim [f(2) + g(a )1 L+ M;
lim [f(2)g(x)] =
@)L
};%U T M A0,

For algebraic operations on infinite limits, consider the following two cases and
check whether true or not:

(i) If f,g are both finite-valued on some open interval (a — 1,a + 1). Assume
lim,_,, f(z) = 0, do we have f(z)g(z) — 0 as x — a?
“Finite-valued” here means that the function only takes values in R. A finite-
valued function may NOT be bounded. For example consider f(z) = 1/z, it is
not bounded on its domain but it is finite-valued.
The statement is false since we can take f(z) = and g(x) as

if x # 0

1
gla) = =
0 ife=0.
Consider ¢ = 0. Note that g(x) is unbounded but is finite-valued. And
lim, 0 f(z) =0 but

F@9@) =10 ..

{1 if 2 # 0;
Therefore f(x)g(x) — 1 as = tends to 0.

(ii) If f, g are both finite-valued and g is bounded on the open interval (a —1,a+1).
Assume lim,_,, f(z) = 0, do we have f(z)g(x) — 0 as x — a?
If we put an extra bounded condition on g then the statement is true. Since g
is bounded on (a — 1,a 4+ 1) there is M > 0 such that |g(z)| < M whenever
xz € (a—1,a+1). Since lim,_,, f(x) =0 for any ¢ > 0 there exists 6 > 0 such
that for any 0 < |z — a| < 0 we have |f(z)| < ¢/M. Then

[f(@)g(@)] < Mf(z)] <e

whenever 0 < |z — a| < 0. It shows lim,_,q[f(2)g(z)] = 0 as desired.
In general we have the following properties for infinite limits. Assume f,g: A — R
and a is a cluster point of A:
o If lim, ,, f(x) = L > 0, and lim,_,, g(x) = co. Then lim,_,, f(x)g(x) = oco.
Give example that the result may fail if L = 0.
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Proof. For any M > 0 we want to find > O such that x € Aand 0 < |[z—a| < ¢
imply f(z)g(x) > M. First there exists 6; > 0 such that f(x) > L/2 for all
x € A(why?) and 0 < |x — a|] < §;. There also exists do > 0 such that
g(x) > 2M/L for all z € A and 0 < |z — a| < J3. Take 6 = min{dy,d2} then
x € A with 0 < |z — a] < § implies

f(z)g(z) > 5 M.

This proves the claim. But the conclusion may not hold if L = 0 for example
take f(x) = 1/x and g(z) =  and consider z — co.

O

e Suppose lim,_,, f(z) = co and lim, 4 g(z) = L finite. Then lim,_,,[f(x) —
g(x)] = oo. If both limits are co, give example such that lim,_,.[f(z) — g(z)] #
.

Proof. For any M > 0. There exists d; > 0 such that |g(z) — L| < 1 whenever
x € Aand 0 < |z—a| < d1. Also there exists d2 > 0 such that f(z) > M+1+|L|
whenever x € A and 0 < |z — a| < d2. Take 6 = min{dy, d2}, then

fl)—gx) >M+1+|L|—-1-L=M+|L| - L>M.

But the result may not hold if both have limit co. For example take f(x) = 1+x
and g(z) = 2+ 2 and let x — 0. O

N.B. There is one thing that I want to mention here is that given a sequence
{an}, we can also view it as a set S consisting terms in {a,}. We have seen the
concept of a limit point of a sequence, namely, if a is a limit point of {a,} if there
exists a subsequence with limit a. If view it is a set, we also define a cluster point
of a set, which is a point on which every neighborhood contains a point in S other
than a. It is not hard to show if a is a cluster point of S as a set, then it is also a
limit point of {a,} as a sequence. But consider a,, = (—1)" we know +1 are limit
points of sequence {a,} but as a set S = {—1,1} where +1 are isolated points not
cluster points. So the converse may not be true.

Now let us move on to continuity of a real-valued function.

Given a function f: A — R and a € A. We say f is continuous at a if for any
€ > 0 there exists § > 0 such that |z —a| < 0 and z € A imply |f(z) — f(a)] <e.

Remark 16.2. e ¢ must be a point in the domain A to define the continuity of

f at a.

e (not so interesting) If a € A is an isolated point of A, then f is automatically
continuous at a. (why?)

e In particular, if a € A is a cluster point of A, then f is continuous at « if and
only if lim,_,, f(z) = f(a).

e (Sequential) If a € A is a cluster point of A then f is continuous at a if and
only if lim,, o f(a,) = f(a) for every sequence {a,} C A with limit a.
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Some examples:

Example 17.1. (1) Consider f: R — R given by

_Jsin(1/x) if x #0,
f(x)_{o if 2 = 0.

We have seen in class that f is not continuous at 0 because the lim,_,q f(z)

does not exist using sequential argument. Moreover it is continuous away from
0.
Consider f : R — R defined by

_Jwsin(1/z) if © #£0;
f<x)_{0 if & = 0.

The function f is continuous on R. We will only prove continuity at z = 0 for
now. This is due to

[f(2) = f(0)] = [&sin(1/z)] < |z,

so f(x) = f(0) as & — 0. What if f(0) is defined to be any nonzero real
number? Is the function still continuous at 07

Let f: D — R where D = {1/n | n € N} U{0}. Then f is continuous at every
1/n for n € N since each 1/n is an isolated point of D. If f is continuous at 0,
then f(1/n) — f(0) by the sequential condition. If f(1/n) — f(0) as n — oo,
then for any € > 0, there exists N € N such that |f(1/n) — f(0)| < € whenever
n > N. Take § = 1/(N +1) > 0. Then for any € D with |z| < =1/(N+1)
means for all x = 1/n for all n > N + 2, we have

[f(z) = f(O)] <e

It shows f is continuous at 0. Therefore f is continuous at 0 if and only if
f(1/n) — £(0) as n — oo.
Let a € R. Consider the function f: R — R given by

T if x >0,
f(x)={f :
T+a if z <0.

For what value of the constant a is the function f continuous at 07
Since x = 0 is a cluster point of the domain R, f is continuous at x = 0 if and
only if lim, o f(z) = f(0) = a. lim,_0 f(z) = a requires

lim vz = a.

x—0+

Thus a = 0 is the only value to make f continuous at 0.
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Another nice problem: Consider a function f : [0,00) — R which is assumed to
be continuous, and with lim,_,« f(z) = 1. Then f is bounded over [0,00). One
cannot apply the extreme value theorem on [0, 00) since [0,00) is not closed and
bounded. But since lim,_,~ f(x) = 1 there exists M > 0 such that for all x > M,
|f(z) — 1| < 1 meaning that |f(x)| < |f(z) — 1|+ 1 < 2 on (M,00). Now we can
apply the extreme value theorem on [0, M] which is closed and bounded. There
exists K > 0 such that |f(z)] < K for all z € [0, M]. Thus for all z € [0,00),
|f(z)| < max{2, K} which shows f is bounded.

18 Quiz 5

1. (1) (2pts) Given a set E C R. State the definition of a € R being a cluster point
of E.
(2) (3pts) Given a function f : E — R and a cluster point a of the domain £ C R.
State the definition of the one-sided infinite limit
:vli)r}zlJr (l') -
Proof. (1) a € R is a cluster point of the set E if for any § > 0, the intersection
(a —d,a+ )N (E\{a}) is nonempty.
(2) lim, 4+ f(x) = —o0 if for any M < 0 there is a § > 0 such that f(z) < M
whenever a < x < a + 0. O

2. (5pts) Use the sequential characterization to prove that the limit

I . 3
lim sgn { sin | ——

does not exist. Note that sgn: R — {—1,0,1} is the sign function given by

-1 if z < 0;
sgn(z) =<0 ifx=0;
1 ifx>0.
Proof. Take sequences
UURE AR T
2mn 2mn + 5

Both has limit 1 as n — co. But

sgn (sin ( an?’_ 1)) — sgn(sin(27n)) = 0,
sgn (sin ( b,i 1)) — sgn(sin(2mn + 7/2)) = 1,
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which yield two constant sequences with different limits. Therefore the limit does
not exist. 0

19 OCTOBER 11

A continuous function has lots of nice properties. For example for a continuous
function defined over a closed and compact interval, the max and min are always
attained. Here is another one called intermediate value theorem which says that if
f :[a,b] = R is continuous on the closed and bounded interval, then f attains every
value between maximum and minimum. In other words, the image f([a,b]) = [m, M]
is also a closed bounded interval. It is easy to construct examples to see both
continuity on f and connectedness together with the compactness of the domain of
f cannot be dropped.

We say a function f has the intermediate value property (IVP) on an interval
I if for any a,b € I with a < b and z € R is any value between f(a) and f(b) then
there exists ¢ € [a, b] such that f(c) = z. Then every continuous function f: I — R
has IVP on I. But the converse is not true. Consider f(z) = sin(1/z) if x # 0 and
f(0) =0 as an example.

Here are some applications of the intermediate value theorem:

Example 19.1. e Consider the polynomial function
f(z) = 2" 4 42° + 32* — 62 + 3,

then such function has at least one real root. This is due to the fact that we

can write
flz)=2"(1+4/22 + 323 —6/2° + 3/z7)
then
lim f(z) =00, lim f(z)= —o0.
Tr—r 00 xTr—r—00

It means that we can find some a,b € R with ¢ > 0 and b < 0 such that
f(a) > 0 and f(b) < 0. Now since f is continuous on [b,a] we can apply
intermediate value theorem on [b, a] to get the existence of ¢ € (b,a) such that
f(c) =0 (because f(b) <0< f(a)).

e Consider another polynomial function
f(z) = —a* +22% +2

then such function has at least two real roots.

One way to see this is by checking f(0) = 2 > 0, f(—-1) = —1 < 0 and
f(3) = —81+4+54+2 < 0 and apply the intermediate value theorem on [—1, 0]
and [0, 3] to get two different real roots.

Or since f(0) =2 > 0 and lim,_,o f(z) = —oo with lim,_, _ f(z) = —o0, we
will get the same result by apply intermediate value theorem on two intervals.
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e Let f:[a,b] — R be a continuous function. Given c1,---,¢, € [a,b]. Then
there exists some ¢ € [a, b] such that

fle) +oo ot flen).

n

fle) =

Let j be such that f(c;) is the maximum among all f(c;)’s; let k be such that
f(ek) is the minimum among all f(¢;)’s. Then

fler) + -+ flen)

n

flex) <

And we can apply the intermediate value theorem on the interval with endpoints
¢j and c.

Let us move on to the uniform continuous functions. A function f: D — R is
said to be uniformly continuous on D if for any € > 0 there exists 6 > 0 such that
for any x,y € D with |x — y| < ¢ we have |f(z) — f(y)| <e.

Unlike the continuity of a function, for a uniformly continuous function, the
choice of § does not rely on the point z € D.

Remark 19.2. Given a function f: D — R:

e If f is uniformly continuous on D then it is continuous on D.

e We also have the sequential characterization of uniformly continuous functions.
f is uniformly continuous on D if and only if for any {z,},{y,} C D with
limy, 00 |Zn — Yn| = 0 then lim, o0 |f(zn) — f(yn)] = 0.
f is not uniformly continuous on D if and only if there exists some ¢y > 0 and
{zn},{yn} C D such that lim, o |2n — yn| = 0 but |f(z,) — f(yn)| > €o for
alln e N.

e Uniformly continuous function sends a Cauchy sequence to a Cauchy sequence.

Some examples:

Example 19.3. e The function f(z) = 2 — x + 2 is uniformly continuous on
(0,1). By definition, for any € > 0, take § = €/4. Then for any a,b € (0,1)
with |a — b| < ¢:

|f(a) — f(b)| = |a® —a+2—b>+b—2
= Ja* ~ 8~ (a—b)
= |a —b||a® + ab + b* — 1
<dla—b| <4d=e.

e The function f(z) = sin(z?) is uniformly continuous on [a, b] but it is not
uniformly continuous on [a, 00).
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Let us first prove f is uniformly continuous on [a,b]. Take M = max{|al, |b|}.
For any € > 0, take § = ¢/2M. Then for any z,y € [a,b] with |z — y| < §, we
have

() = f(y)| = |sin(z?) — sin(y?)|
2 + y2
2

22 — 2

2
<l|lz—yllr+y <2M|z —y| < e.

22 — 2
2

= 2 |sin sin

A

2

sin

But the function f is not uniformly continuous on [a, o). Take
Tp = V0w, yn =/nm+ /2.
Note that the sequences {z,,}, {y,} are eventually in [a,c0). They also satisfy:

/2 2 1
= < =—=0
VT4 /nr+7/2  2yn n

Yn — Tn

as n — co. But
|f(zn) = flyn)| =1

implies that f is not uniformly continuous on [a, c0).
e The function f(x) = /x is also uniformly continuous on [0, c0]. This is due to
the fact that for any =,y > 0:

[f(@) = fW)l = Wz = vyl < V]z -yl

e As a generalization of above example, we call a function f: D — R satisfying

[f (@) = f(y)] < Clz =yl

for all z,y € D, Holder continuous of order o« where C' is a nonnegative real
constant and « > 0. In particular, if & = 1 then we say the function satisfies
the Lipschitz condition. A function is Holder continuous implies uniformly
continuous.

20 OCTOBER 13

The continuous extension theorem allows one to define the value of the function at the
endpoints of the domain to extend continuous function to a (uniformly) continuous
function over the closed and bounded domain.
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Example 20.1. Consider the function

@) = 2% sin (;)

for some constant power o € R on the open interval (0, 1).
If @ > 0 then

1
x® sin <>’ <|z|*—=0
x
as z — 07. Thus f(z) is uniformly continuous on (0, 1) for all a > 0.

If & < 0 then take a sequence

2

T ent

But f(z,) = (—=1)"z% does not converge as n — oo. Thus the function is not
uniformly continuous on (0, 1) for a < 0.
We also have the similar property for infinite domain:

Proposition 20.2. Suppose f :[0,00) = R is continuous and lim,_,, f(z) = L <
oo. Then f is uniformly continuous on [0, 00).

Proof. Since f(x) — L as x — oo, for any € > 0 there exists M > 0 such that for
any x > M we have

|[f(z) — L] < ¢/3.

Since f : [0,00) — R is continuous, f is UC on [0, M]. Thus there exists § > 0 such
that for any x,y € [0, M] with |z — y| < § we have

[f (@) = f(y)] < e/3.

Now let z,y € [0,00), and suppose |z — y| < §:
e If 2,y € [0, M], we are done.
o If x,y € (M, 00), then

[f(@) = f)l < [f(2) = LI+ |f(y) — L] < 2€¢/3 < e
o If x €[0,M] and y € (M, 0), then |z — M| < |z — y| < §, thus
[f(@) = fW)l < [f (@) = FM)|+ [f(M) = LI+ [f(y) — L] <.
Therefore f is UC on [0, c0). O

Example 20.3. By above proposition, the function f(z) = H% is UC on R.
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21 Quiz 6

1. Suppose f: D — R is a function defined on D C R.
(1) (2pts) State the definition of f being continuous at a € D.

Proof. The function f is continuous at a € D if for any € > 0 there exists a
d > 0 such that for any = € D with |z —a| < J, we have |f(z)— f(a)] <e. O

(2) (3pts) State the definition of f being uniformly continuous on D.

Proof. The function f is uniformly continuous on D if for any € > 0 there
exists a § > 0 such that for any z,y € D with |z — y| < § we have |f(z) —
O

fy)l <e
2. Let f:]0,2] — R be defined as
T ifo<z<l;
f(z){(Q—m)(m5+1) if1<x<2.

(1) (2pts) Is the function continuous on [0,2]? Justify your answer.

Proof. No. The function is not continuous at x = 1 because

lim f(z)=1#£2= xli>r111+ f(z). O

r—1-
(2) (3pts) Prove f attains every value between 0 and 2.

Proof. The function is clearly continuous on [1,2] since it is a polynomial
function. Since f(1) =2 and f(2) = 0, by applying the Intermediate Value
Theorem to f on [1,2], the function must attain all values between 0 and
2. O

22 (OCTOBER 18

A function that is differentiable at a point means that it can be locally approximated
by a linear function with the slope of tangent line given by the derivative. It is also
a local property meaning that the differentiablity and the value of the derivative
depend only on the values of function f in an arbitrary small neighborhood of such
point. Namely, we say the function f : (a,b) — R is differentiable at ¢ € (a,b) with
derivative f’(c) if the limit exists and is finite

i e+ = f(e)
h—0 h

= f'(0).

And the domain of f’ is the set of points ¢ for which the above limit exists. This
definition is usually used when c is an interior point of the domain of the function so
that one can always find a d-neighborhood of ¢ entirely contained in the domain.
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There is also another nice and convenient way to characterize differentiability
called Carathéodory Lemma:

Lemma 22.1 (Carathéodory Lemma). Given a function f: D — R. The function
f is differentiable at an interior point a € D if and only if there exists a increment
function D : D — R such that

f(x) = fa) = D(x)(z — a)
for any x € D and D is continuous at a. In this case we have D(a) = f'(a).

One can check that if such D(z) exists it is uniquely determined by f and a.
Moreover the continuity of D at a implies the continuity of f at a.
Now let’s look at some examples.

Example 22.2. e Define f : R — R by

2

x2 if x is rational,
—x if z is irrational.

It is easy to check that f is only continuous at = 0. Thus f is not differentiable
at any a € R with a # 0. Now we define

T if x is rational,
—x if x is irrational.

It is continuous at = 0 and f(z) = D(x) + f(0) holds for all z € R. So by
the Carathéodory Lemma, f is differentiable at z = 0.
e Consider the function f : R — R given by

fla) = |z[*2.
If @ > 0, then
L) = f@) ()Y ol
h—0 h h—0 h
i h
=i h[(a + h)1/2 + al/?]
i 1
= (a4 h)L/2 4+ al/2
1
= 5oiE

For negative a < 0, the limit can be computed similarly with a negative sign.
But f is not differentiable at x = 0 this is due to the limit

lim M— lim L

h—0t h o h—0+ h1/2
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does not exist as a finite limit. Therefore f is differentiable at x # 0 with

derivative: (@)
;o sgn(z
e Now consider the function f : (0,00) — R given by
flz) =a®
for some fixed power a € R. Then for any = € (0, 00),
@R @) @k e
h—0 h h—0 h
(1+2)% -1
= i T a—1
hs0 ( L ) (%)
_ axozfl

Therefore the function f is differentiable on (0, 00) with derivative f'(x) =
ax® L.

One could then ask for what values of « is the function f(x) = z® continuous
at 0.

The followings are some highly oscillating functions:
Example 22.3. e Define f: R — R by

_Jasin(1/z) if © #£0;
f@ﬁ_{o if & = 0.

It is easy to see that f is differentiable at x # 0 with derivative (compute by
yourself). But since the limit

}{%M = %%w = }}L%Sin(l/h)

does not exist, the function f is not differentiable at x = 0.
e Define f: R — R by

_ Ja?sin(1/x) ifx #0;
ﬂ@{o if 2 =0,

Again it is easy to check that the function f is differentiable at = £ 0. Moreover
h) —
i 10010

Lim = }lllir%)hsm(l/h) =0

thus the function is differentiable on R. Check yourself that f’(x) is not
continuous at z = 0.
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The extreme value theorem for continuous functions tells us the existence of absolute
max/min on a closed and bounded domain but it doesn’t say how to find them. One
of an important applications of differentiability is to locate the max/min of functions.
I will skip the definitions of global/local extrema, check the lecture notes if needed.
Let us first recall some definitions. Given a function f: D — R:
e A point ¢ € D is called a critical point of f if ¢ is an interior point of D such
that either f is not differentiable at ¢ or f/(c) = 0;
e A point ¢ € R is called a boundary point of D if there exist sequences {z,} C D
and {y,} C R\ D both of limit ¢. Equivalently, ¢ € R is a boundary point of
D if and only if for any 6 > 0 the neighborhood (¢ — §, ¢ + ) contains a point
of D as well as a point not in D.

Theorem 23.1 (Fermat). If f : D — R has a local extremum at an interior point
¢ € D and f is differentiable at ¢, then f'(c) = 0.

In particular, if the domain D C R is closed and bounded and f : D — R is
continuous, then absolute max and min exist. And the absolute max and min are
attained at either a critical point of f or a boundary point of D.

Remark 23.2. In Fermat’s theorem, the condition on ¢ as an interior point is crucial
since we need to compare the signs of left/right difference quotients at c¢. But at
an endpoint of an interval domain, we can also get similar results. For instance, let
f:la,b] = R.
e Suppose the left derivative of f exists at b. If f has a local max at b then
f'(b=) =2 0;
e Suppose the right derivative of f exists at a. If f has a local max at a then
f'(a+) <0.
Complete the statement for local min yourself. It is easier to see by drawing graphs.

Let’s look at some examples. Note that there is no standard way to search local
max and min.

Example 23.3. e Consider the floor function f(x) = |z] for z € R.
Then every integer is a local max. Every element in R \ Z is both a local min
and max. There is no global max or min for f on R.
e (A critical point may not be local extrema) Consider f : [-1,1] — R:

N E: if x € [-1,0];
f(x){zx if z € (0,1].

Then f is not differentiable at only x = 0 and = = 0 is the unique critical point
of f on [-1,1]. But f does not attain local extrema at x = 0. Indeed, the
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absolute max and min of f attains at two endpoints. And f has no other local
extrema. (There are also examples such as f(x) = 2% which has been discussed
in lectures.)

e Now consider f(z) = 2* — 222 — 1 on [~2,2]. Then the origin x = 0 is a local
max. This is simply because f(0) = —1 and

f(0) = f(z) =222 — 2 =2%(2 - 2?) >0

holds on [—1,1]. But it is not global because f(2) =16—8—1=7 > f(0) = —1.
o Consider the function

fa) =+
on (—1,00). Then z = 0 is a local min and also a global min. This is because
1 z?
f@) = fO) =t — 1= >

on (—1,00).

24 Quiz 7
1. (5 pts) State the definition of a function f : (a,b) — R being differentiable at
c € (a,b).
Proof. We say the function f : (a,b) — R is differentiable at ¢ € (a,b) if the limit
et )~ (o)

h—0 h
exists and is finite. We then denote the limit by f/(c) which is called the derivative
of f at c. O
2. (5 pts) Let f: (0,00) = R be a function defined by
1
— if x € (0,1);
fw) =47 oy

—r+3 if x € [1,00).

(1) (3 pts) Use the definition to prove the function f is differentiable on the
interval (0, 1).

Proof. For any x € (0, 1), since the limit

1 1
lim w — ljp Xt =
h—0 h h—0 h
-1
= 5o z(x+h)
1
)
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the function is differentiable on (0,1) with derivative given by f'(x) =
—1/22%. O
(2) (2 pts) Is the function differentiable on (0,00)7 Justify your answer.

Proof. No. The function f is not continuous at z = 1 due to

lim f(z) = lim 1—1752— hm f(z) = lir?+(—x+3). O

r—1- z—1- T

25 OCTOBER 25

The Mean Value Theorem tells us that for a function f : [a, b] — R which is continuous
on [a,b] and differentiable on (a,b), then there exists a point ¢ € (a,b) at which
the tangent line is parallel to the line joining two endpoints (a, f(a)) and (b, f(b)).
Rolle’s Theorem is the special case of MVT when the line joining two endpoints is
horizontal. The Mean Value Theorem is incredibly useful which can be used to prove
Fundamental Theorem of Calculus, L’Hopital’s Rule and etc. Geometrically, we can
interpret MVT as follows:

8 NG
1 [\a:((‘-\\ -~
!
L’:/‘ {-(\.\ Qm / \/
\ R e A - = foye oy
u ) PR
— L ”Y ' - 4,
Muswin olos T ?\o“.{,l& ‘\‘\w\

Mean Value Theorem has a lot of applications. We have seen one in class that
suppose f : [a,b) — R is continuous on [a,b) and differentiable on the open (a,b), if
the one-sided limit lim,_,,+ f’(x) of derivative exists (finite/infinite), then the sided
derivative also exists with the same value, i.e.

:v~>aJr r—a r—at

fila) =

We use that to define a plane curve (as graph of some function) has left /right vertical
tangent line at certain point. Here are some examples of curves with a cusp:

Example 25.1. e Consider the function f(x) = 2/ on R and the origin = = 0.
We know this function is continuous on R. Moreover,

lim M: lim L:oo,
0+ x =0+
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lim - Hél \3/5 o

Thus f is not differentiable at = 0 and it has a cusp at x = 0.
e Other example you may want to check yourself is f(z) = /|z| at z = 0.

The MVT can also be used to prove a general version. With two functions
fsg : [a,b] — R being continuous on [a,b] and differentiable on (a,b) we also have
the generalized MVT, with geometric interpretation as follow:

iy

/
( [RSE
L) .51\:\\7

[ OO
NaNe
s“?"“.&\:—.c

_duex| g0
R D)

* CmA(LV] Myt *

Other applications are
(0) (Uniqueness of roots) Consider f(z) = x* + 223 — 2 for x € R. Since f/(x) =
423 4 622 > 0 for all = € (0,00) by Rolle’s Theorem the function f has at most
one root in [0,00). On the other hand, f(0) = —2 and f(1) =1 by IVT, f has
at least one root in [0,1]. Therefore f has a unique root in [0, 00).
(1) (Estimate values) For instance we want to estimate v/2. Consider f(z) = /z
and apply MVT to f(z) on [1,2]. Then there exists ¢ € (1,2) such that

flo = - = 221

Since ¢ € (1,2) we have

Thus we obtain 1 3
1+ —<V2< =,
2V/2 2

Use the second inequality we have % > %, thus % <V2< %

For some similar exercises, one can try proving using MVT:

17 .- 23 1 1
§<\/?<E, §<\/66*8<§.
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(2) (Prove inequalities)

(i) Show —a < sin(a) < a for all a > 0.
If a = 0 we have sin(0) = 0. If a > 0, consider f(z) = sin(x). Then f is
clearly continuous on [0, a] and differentiable on (0,a). Apply MVT on
[0, a], there exists ¢ € (0, a) such that f(a) — f(0) = cos(c)a which implies
that —a < f(a) = sin(a) < a since cos(c) € [—1,1].

(ii) (Bernoulli) Show if a > 1, then (1 + 2)* > 14 ax for all z > —1.
Let f(z) = (1 + ) then f'(x) = a(l + 2)*~! for all z > —1. Consider
two cases when x > 0 and —1 < z < 0 (it is trivial when  =0). If z > 0
apply MVT to f(x) on the closed interval [0, z]. Then there exists some
¢ € (0,z) such that

f@)—f0)=fe)r = (1+2)*—1=a(l+c)* 2.
Since ¢ > 0 we have (1 +¢)*~! > 1. Thus
14+2)*—-1> az.

If —1 < 2 < 0 then apply MVT to f on [z,0], we will get the same result.
(3) (Prove uniform continuity) Consider the function f(z) = logz we want to show
that it is uniformly continuous on (1, c0).
For any z,y € (1,00) assume x < y. Apply MVT to f(z) on [z,y]. Then there
exists ¢ € (x,y) such that

fly) = f) = f(e)(y —x) = log(y) — log(x) = %(y — ).

Taking absolute value, we get

7@~ F)l = <la— 3] < o~ y]

since ¢ > 1. Therefore f is Lipschitz on (1, 00) thus it is uniformly continuous
on (1, 00).

26 OCTOBER 27

Here is a sufficient condition for a local extremum.

Proposition 26.1. Let D C R and ¢ is an interior point of D, and f : D — R.
Assume f is continuous at c.
o (First derivative test for local minimum) f is differentiable on (c—9d,c)U(c, c+0)
for some 6 > 0. And f'(z) <0 for all x € (¢ — §,¢) while f'(x) > 0 for all
x € (¢,c+0). Then f has a local minimum at c.
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e (First derivative test for local mazimum) f is differentiable on (c—46,c)U(c, c+0)
for some 6 > 0. And f'(x) > 0 for all x € (c — 6,¢) while f'(x) <0 for all
x € (¢c,c+0). Then [ has a local mazimum at c.

Proof. For the first case we know that f is decreasing on (¢ — 4, ¢) and increasing
on (¢,c + ¢). Moreover since f is continuous at ¢ by taking the limits as © — ¢~
and z — ¢t we see that f(z) > f(c) for all z € (¢ — §,¢+ §). Thus f has a local
minimum at c¢. The proof for the local maximum follows similarly. O

Example 26.2. Consider f : (—1,1) — R defined by

z? if0 < |z <1,
-1 ifx =0.

It is clear that f has a (strict) local minimum at = = 0. But f is not continuous at
0 so the conditions in the first derivative test are not satisfied. Also we can assign
f(0) = 1. Then f is differentiable on (—1,0) U (0,1) and f'(x) <0 on (—1,0) and
f'() > 0on (0,1). But f doesn’t have a local minimum at 0.

Note that f is not required to be differentiable at point ¢. Here is an example:
Example 26.3. Consider the function f : R — R defined by

@) = e*+r—1 if z > 0;
J [ e if z <0.

Then it can be easily checked that f is continuous everywhere on R. And f’ (0) =
—1#2=f1(0) so fis not differentiable at x = 0. But f still has a local minimum
at z = 0.

Also, it is possible to have a function which is differentiable on R and has absolute
minimum at x = 0. But its derivative is not > 0 in any interval (0, ).

Example 26.4. Consider function f : R — R given by

1

222 + 2 sin — if x #0,
x

0 if x =0.

fz) =

It is easy to see that f(z) > 0 = f(0) for any x # 0. Thus f has an absolute
minimum at x = 0. And it can also be check easily that f is differentiable at x = 0.
To see f’ is not > 0 in any interval (0,0), we consider the derivative

1 1
, 4z 4 2x sin — — cos — if x #0,
(z) = T x
f(0)=0 if z=0.
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Since . )
f’<) =—+40-1<0, forallneN

2nm nmw
and ) A )
! = >0, forall N
f (2n7r+7r/2> 2n7r+7r/2+27m+7r/2 » foralin e,

for any § > 0, there exists n € N such that

1 1

— < — <.
nm+7/2 " 2nmw

Thus in any interval (0,4), f’ can take both positive and negative values.

Similarly one can consider function

1

x + 222 sin — ifx#0,
x

0 ifx=0.

fz) =

And show that f is differentiable on R and in every neighborhood of 0, the derivative

f' takes both positive and negative values.

27 Quiz 8

1. (4 pts) State the Mean Value Theorem.

Proof. Suppose a function f : [a,b] — R is continuous on [a, b] and differentiable in
(a,b) then there exists a point ¢ € (a,b) such that f(b) — f(a) = f'(¢)(b—a). O

2. (3 pts) Prove the following inequality using Mean Value theorem

e’ >1+x, forallxz>0.
(Hint: Consider for example, the function f(x) =e® —x — 1.)

Proof. Define f(x) = e* —x — 1 which is clearly continuous and differentiable on
R. Fix any a > 0, apply the Mean Value Theorem to f on the interval [0, a]. Then
there exists some ¢ € (0, a) such that f(a) — f(0) = f'(¢)a. Since f'(x) =e* — 1
we can rewrite the equation as

e—a—1=(—1)a>0

since e¢ — 1 > e® — 1 = 0 for ¢ > 0. Therefore e* —a — 1 > 0 for any a > 0 which
shows e > 1+ x for all z > 0.
O
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3. (3 pts) Is it possible that a function f is continuous on [1, 3], differentiable in (1, 3),
f(1) =4, f(38) =0 and |f'(z)] < 2 for every = € (1,3)? Justify your answer.

Proof. No. Since f is continuous on [1,3] and differentiable in (1,3) by Mean
Value Theorem, there exists a point ¢ € (1,3) such that

plo=tB=S0 S,

Thus there is a ¢ € (1,3) with |f'(¢)| = 2. O

28 NOVEMBER 1

For today’s recitation we are going to continue on L’Hopital’s Rule and take a look
at a “discrete” analogue of L’Hopital’s rule on sequences which might be used as an
alternatively way to show the L’Hopital’s for co/oo type of limits sequentially, and
turns out to be useful in finite difference equations with a byproduct of computing
the limits of some types of series.

Before getting to the Toepliz-Stolz-Cesaro Theorem, let’s first have a quick review
on when the L’Hopital’s rule can be applied. In order to apply the L’Hopital’s rule
to compute

f(@)
r—at g(.’L‘)
for lim,_,,+ f(x) = lim,_, .+ g(z) = 0 (for instance). One needs to check that
e [ and g are differentiable on some (a,b) with ¢’'(z) # 0 on (a,b) — ¢'(x) did
not change sign infinitely often in a (right) neighborhood of «;
=) _
g'(z)
Then we can conclude that the target limit exists and equals to L.
Let’s consider several (non)examples regarding the L’Hopital’s Rule:

L exists finitely or infinitely.

® limx_er

Example 28.1. (1) Compute

x xT

e’ —e

lim —.

z—o0 ¥ 4 e~ %
This limit can be easily computed using some basic algebra. But if we apply
L’Hopital blindly we make ourselves in the infinite loop. L’Hopital’s Rule is
of course a incredibly useful technique but do not forget other methods of
computing limits.

(2) Consider a modification of an example from class:
T —sinx

T—00 T + SIn X
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We have both f(z) = 2 —sinz and g(z) = z + sin x are differentiable on R and
lim, o0 f(2) = lim, 00 g(2) = co. But L’Hopital cannot be applied because

g (z) =1+cosz

and ¢'(x) = 0 for x = 2nm + 7 for any n € Z. It means that ¢'(z) has zeros in
every interval (M, oo). Therefore the L’Hopital’s rule cannot be applied here.
(3) Let’s first briefly define the second derivative here. Let f : D — R and suppose
f is differentiable on the subset F C D. Let ¢ € E be a cluster point of E. If
'+ E — R is differentiable at ¢ then we denote f”(c) = (f')(c) and call it the
second derivative of f at c.
Now consider a function f(x) which is defined in a neighborhood of ¢. And
suppose f”(c) exists. Then

L et )+ fle—h) ~ 27(0)
h—0 h?

= /"(¢).

But even if the above limit exists f”(c¢) does not necessarily exist.
Since f”(c) exists, by definition we have

f//(x):%%f(c‘i‘hfi_f((?) :}lll_r%f(c)—i(c—h)
Then
" L. fllet+h)=f'(c) 1.  flc)=f(c—h)
f(x)iiilzao h +7,111§}J
B I G ) B )
h—0 2h

On the other hand, applying L’Hopital and chain rule we have
flet+h)+ fle—h) —2f(c) f'le+h)— f'(c—h)

fm i N —

Hhus Fle+h)+ Fle—h)— 2f(¢)
i o . C+ + Cc — - C

Fi(e) = Jimy h? '

For the counterexample, we want to construct a function f with f'(z) = ||,
thus f” does not exist at z = 0. So we consider f(z) = [ |t|dt = z|z| with
¢ = 0. Then again by L'Hopital, the limit is 0 but the f”/(0) does not exist.

Now let’s move to the Toeplitz-Stolz-Cesaro. Let me first state the Toeplitz
Theorem without proof:
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Theorem 28.2 (Toeplitz). Let {c,k |1 <k <n,n € N} be a double-indexed set of
points in R, i.e.

C1,1
C21 C2.2
Cn,1 Cn,2 e Cn,n

such that
e cach vertical sequence converges to zero, i.e. for each fixzed k > 1, the sequence
Cnk — 0 asn — o0o;
e the sequence formed by horizontal sums > p_y ¢n i — 1 asn — co;
e there exists a positive constant C' > 0 such that >, _; |ca x| < C for each
n € N.
Then for any convergent sequence {a,} the sequence {b,} given by

n
bn = E Cn kA
k=1

18 also convergent with lim, .o b, = limy, o0 apy .

Note that the proof of the Toeplitz Theorem is not hard one can first reduce to
assuming the sequence {a,} has limit zero (why?).
The Toeplitz Theorem produces fruitful results. I will only name a few here:
(a) Take a special array by setting ¢, = % for all 1 < k < n. Namely the nth row
of the above table will be (%, cee %) and the columns are some truncations
of the sequence {1}. It can be easily checked that such {c, } satisfies the

conditions in the Toeplitz Theorem. Thus we get the following proposition:
Proposition 28.3. Suppose {a,} — L converges and {b,} is defined by

a1+...+an
771 .

by =

Then {b,} = L as n — oo.

Given a sequence {a,} and define {b,} as above, i.e. taking the arithmetic
means of {a,}, We say {a,} is Cesaro convergent if {b,} is convergent. By
the above proposition, we know if {a,,} is convergent then it must be Cesaro
convergent. But the converse may not be true, for example take a,, = (—1)"
(check).

We can use the above result to compute the limit of some series, for example

1 1 1
=L (1 e D)),
n 2 n

Since we know that a, = % — 0 then b,, — 0 as well by the proposition.
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(b) The Toeplitz Theorem also implies the Stolz Theorem:

Theorem 28.4 (Stolz). Let {a,},{bn} be two sequences such that
i) {bn} strictly increasing to co.
.. . Ap — Ap—1
1) lim ———— = L.
) n—00 by — bp—1

Then lim dn _ L.

n—oo n
The above Stolz Theorem might be used to give a sequential proof of L’Hopital’s
Rule for oco/oo type of limits. Moreover it can also be used to compute the

limit of some sequences:
1) Consider

1 1 1
lim —— (14— 44— ).

Take a, = Y p_; ﬁ and b, = /n which is strictly increasing to infinity.

Since
. Qp — Ap—1
lim ——— =2
nl_{lgo bp —bn—1 ’
by Stolz Theorem, the target limit is also 2.
2) (Exercise) Find the limit
15 19k 4 ... k
lim 2 N,

n— oo nk+1

using the Stolz Theorem.

29 NOVEMBER 3

We have already seen the definition of higher order derivatives in yesterday’s lecture.
Roughly speaking, given a function, in order to define the nth order derivative we
just consider the (n — 1)th derivative on the subset where it is differentiable at. As
mentioned in class, the domains may not always behave nicely, ¢.e. such as intervals
or union of intervals, it might be some set consisting of sequences as well.

Let’s consider an example:

Example 29.1. Let f:[0,1) — R be a function defined by

1
22 sin — ifx e (0,1)NQ;
fy =47 01
x? ifxe(0,1)NQ° or z =0.

In order to find the set on which the function is differentiable, call it D; C [0, 1),
first notice that it has to be continuous on such set. Thus

nGN}U{O}

1
DiCS 5——
2 + /2
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since the function is continuous only at zero and the point « € (0,1) with sin(1/z) = 1.
This can be argued as following. Take any sequence {ax} — 2, then {ax} can be
divided into three cases: contains infinitely many rationals and irrationals; only
infinitely rationals; only infinitely many irrationals. No matter what situation
together with

)

1
lim z%sin — =22 = lim 2?2
T—Ty X T—>Tn
we obtain the continuity of f at x,,.
One can also check that the function f is also differentiable at these x,,’s together

with the origin. At x = x,,, consider

lim f(xn +h) = f(zn)
h—0 h

=2z,
which can be argued similarly as above. At the origin = = 0, we simply have

h

if h € Q;
Ih| if h ¢ Q.

’hz sin £

2

in any event, the above value < |h| which has limit 0 as h — 07. Therefore f is
right-differentiable at 0 with f/ (0) = 0 and differentiable at x,,’s with f'(x,) = 2xy,.
Thus

D1:{2mlimmneN}U{m

is the domain for the first order derivative f’. The only accumulation point in D; is
0. One can also check if f’ is right-differentiable at 0. Since

it means that the function f has second (right) derivative at 0 with value f”(0) = 2.
Besides the above extreme example, let us consider the following;:

Example 29.2. Consider the function f : R — R given by

B ez if x # 0
f(x)_{o if 2 = 0.

It is clear that the function f is differentiable away from x = 0. At = = 0, we have

1
h)— f(0 “n? 1/h h
i L =FO) e Y i P
h—0 h h—0 h h—0 g3z h—0 97z
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by L’Hopital’s Rule. Thus

2 1

—e 22 if 0;
flay=as® 7 HEP

0 if x =0.

It can be checked similarly that f’ is continuous on R. Moreover, we have
_1 (4 6 .
T (-31) ero
0 if . =0.
Because using L’Hopital we have

. f'(h) = f'(0) . 2e w2
Jimy h 0 A

Consequently, we get for any n € N

() e_w%P(l/z) if x #0;
/ (x)_{o if 2 =0,

where P(z) is a polynomial in Rlz]. Therefore f € C*(R). The nth Taylor’s
polynomial of f at zero can be written as

T,ws0:£) = 30 Ik

k=0

30 Quiz 9

1. (4 pts) State the characterization of local minimum using first derivatives.

Proof. Let D C R and ¢ be an interior point of D. Suppose f : D — R is
continuous at ¢. If f is differentiable on (¢ — d,¢) U (¢, ¢+ 6) for some ¢ > 0 and
f'(x) <0 for all z € (¢ —,¢) while f/(z) > 0 for all x € (¢,c+ ), then f has a

local minimum at c. O

2. (6 pts) Consider the function f : (0,00) — R given by

1

p if0<x <1,
f@)=10 if v =1;

22 —2lnx if x> 1.
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(a) (2 pts) Find an interval on which the function f is decreasing. Justify your

answer.
Proof. On (0,1) it is easy to see that f’(z) = —2~2 < 0. Thus f is decreasing
on (0,1). O
(b) (2 pts) Find an interval on which the function f is increasing. Justify your
answer.
Proof. On (1,00) we have f/(z) =2z — 2 = 2“"2:;2 = 2(£_1I)(r+1) > 0. Thus
the function f is increasing in any interval contained in (1, 00). O

(c¢) (2 pts) Does the function f attain its local minimum at x = 1?7 Justify your

31

answer.

Proof. We know from part (a) and (b) that the function f is decreasing in
(0,1) and increasing in (1, 00). Moreover

lim f(z)=1= lir{t flz)> f(1)=0.

z—1t
Therefore for any = € (0,00) \ {1} we have f(x) > 1 > f(1) = 0 which means
that the function has an absolute min at z = 1. O

NOVEMBER 15 & 17

Before doing examples regarding Taylor’s formula, let’s first finish up several examples
about application of the Mean Value Theorem:

Example 31.1. (1) Give an example of a differentiable function f for which

lim, o0 f(2) exists but lim, o f'(x) does not exist.

Consider for example
1,
z) = — sin(x®).
F(z) = 1 sin(2?)
It is easy to see that lim, ,~ f(z) = 0 but since
sin z2
22

f'(z) = 2cosz? —

the limit lim,_,o, f'(x) does not exist.

Show that if lim, o f(2) < 0o and lim, o f/(x) exists then lim, o f/(x) =
0.

Let L = lim,_,o f/'(x). Assume |L| > 0. Then there exists some M > 0 such
that whenever x > M we have |f'(x) — L| < |L|/2. Thus we have for all
x> M, |f'(x)| > |L|/2. But then for any x > M apply Mean Value Theorem
on [z, x + 1] there exists ¢ € (x,x + 1) such that

[fz+1) = f@)] =1f(c)] > |LI/2
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which violates lim,_,~ f(x) exists and is finite.

Let us then move on to the Taylor’s formula. Recall the Taylor formula (with
remainder in Lagrange form) says: If n € N and f(®)’s exist for all n = 1,--- ,n and
are continuous on some [a, b]. In other words, f is of class C™([a,b]). Assume f(*+1)
exists on (a,b). If zg € [a,b] then for any x € [a,b] there exists some ¢ between x
and xg such that

f(@) = fxo) + f'(x0)(x — ) + -+ - + ———2

The sum of first n+ 1 terms is called the nth Taylor’s polynomial of f at x(, denoted
by T,.(z;xo; f); the last term is called the nth Taylor’s remainder in Lagrange form,
denoted by R, (z;xo; f).

There are tons of applications regarding to Taylor’s formula, let’s take a look at
some of them.

Example 31.2. Use Taylor’s formula to do estimation.
(1) We have seen example estimating v/2 using Mean Value Theorem. The result
gives

4 3
- 2 <2,
3<\f<2

We could get a better estimation of v/2 by using Taylor’s formula. Again let
f(z) = v/z and we will only use the first Taylor polynomial to see if we could
get better bounds. Use Taylor’s formula with n = 1, for any = > 1 we get

_ / f"() 2
fl@)=f)+ Q)@ -1+ ——(z-1)
for some ¢ € (1,7). We know f'(x) = ﬁ and f"(z) = —ﬁ, then take
r = 2 we have i 1
V2=1+--— :
2 8Ve2
Since ¢ € (1,2) we have \/% <1so
1 1 1 1 11 4
2=14--—-—=>14+=-—=-=—> —.
V2=ldg-om > 1t -5=% >3
Moreover we also have \/% > \/127 = ﬁ SO
3

1 1 1 1 35
V2=14+--——=<l4+-—-—=< =<
2 8/e3 2 162 24 2

Therefore we get a slightly better estimation for v/2:
11 35
— 2 < —.
T < V2 < 51
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(2) Using the similar idea by considering f(x) = In(1 4+ z) and expanding with
some truncated Taylor’s polynomial together with the remainder, one can also
estimate In(2) up to any accuracy. Claim that for 0 < x < 1 (it is true for
—1 < x <1 but the estimation for the remainder for —1 < x < 0 requires
using either integral form of Cauchy form):

f( ) 1+x Z n+1$

Since ") (z) = (=1)""2n!(1 + )=+ we can write the nth remainder as
‘x|n+l

[(n+ 1)1 + )"+

|Rn(x;0; f)| =

for some ¢ € (0,z). Since 0 < z < 1 we can estimate

1
(n+1)

|Rn(z:0; f)] < -0

as n — oco. Therefore f(x) =In(1+ x) can be written in an infinite sum when
x € [0,1]. In particular we have

(o)
=21 1y
If we use degree 3 Taylor’s polynomial we get

1 1 1
f(l)—hl2—1—§+§_m

for some ¢ € (0,1). Thus we get In2 can be approximated by 1 — 1 + 1 =2
with error
1 < 1
41 +c)t| 4
In general we could get an inequality for = > 0:
22 g3 221
In(1 e I A
n(l+z) <z 5+ 3 ‘o
.’EQ LL‘3 x2n—1 x2n
In(l+2) >z — = + 2 ... T
nlde)>w= 543 Tm1

(3) Use the above inequality on In(1+x) we can compute for example the following
limit: ) )
. n
Tim. <1+ng> <1+n2> ~~(1+ﬁ).
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Let us first transform from product to sum by taking log. Denote
) 1 2 n
ani= (14— (1+ ”(1+Eﬂ’

= k
lnan:;IH (1—4—112).

By the inequality we have above

LA UL
n? 2n4 n2 n2’

Taking summation from 1 to n:

and then

n n

1 — 1 1
;EEZk 5—}2 <lna, < ;ﬁ§:k
=1

k=1 k=1
which can be further simplified as

n(n+1) n(m+1)(2n+1)

n(n+1)
2n2 6 - 2n4 '

2n2

<Ina, <

By squeeze theorem we have

lim a, = lim e™% = ¢!/2,
n—oo n—oo
Example 31.3. Other than estimation of some exact number, it can be also used
to find bounds in an abstract way.
(1) Given a function f. Suppose f’, f” both exist on [0,1]. If |f(0)| <1, |f(1)| <1
and moreover |f”(z)| < 2 for any = € [0,1]. Then what can we say about
/()] on (0,1)?

Fix any x € (0,1) by Taylor’s formula at x we have

FO) = @) + P @) -2)+ 10—y

for some ¢ € (z,1) and

FO) = F@) + @0 - 2)+ T D0 - a2

for some d € (0, ). Therefore we get

1"(d)

i%@g,xy, 2

fF) = £(0) = f'(2) +
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which implies

@)= |1 - £ - L w2 LD

<[+ 1£0)] + %If”(C)I(l —2)*+ %If”(d)lﬂc2
<2+ (1-2)?+22<2+1=3.

So we get |f/(z)| is bounded from above by 3 on (0, 1).
Given a function f. Suppose f’, f”, f"" all exist on R. Moreover assume
f(x), f"(x) are bounded on R. Then is f/'(x) bounded on R? How about

[ (x)?

Fix any x € R. By Taylor’s formula of f at  we can write
1" "
Flo 1) = f(2) + ) + T L

_|_
for some ¢ € (z,x + 1) and similarly,

2 3!

Fle 1) = @)+ -0+ D ey DDy

for some d € (x — 1, z). Thus

P+ 1) — flo — 1) = 27'() + 1£"(6) + F(@),

Therefore, we obtain an expression of |f/(x)| as

|f/(£li)| — 1 é[f///(c) 4 f///(d)]‘

2
<5 (G + DI+ 17 - DI+ Gl @1+ gl @))

fle+1) = flz—1) -

1
SM0+6M3

where My and M3 are bounds for |f(z)| and |f"/(x)| on R respectively. There-
fore we have showed that f’ is also bounded on R.
For f”(z) on R, summing f(z 4+ 1) and f(z — 1) up yields,

1

fla+1)+ flz = 1) = 2f(2) + f"(@) + S [f"(c) = /" ()]

Likewise we have an expression for |f”(z)| now:
[f (@)= |flz+1)+ flz —1) = 2f(z) — %[f’"(C) = f"(d)]
< 4My + %Mg,

which means that f”(z) is also bounded on R.

56



(3) (Exercise) Suppose the function f(x) is second differentiable on R. Let

My, == sup |fP(2)|, k=0,1,2.
z€R

If M, < oo for k = 0,2, prove M? < 2MyM, and thus M; < oo.

We have seen how Riemann integration is defined for a bounded function f :
[a,b] — R. Here is one (non)example for Riemann integrability:

Example 31.4. Consider the function f : [-2,3] — R given by

)2z +1 ifxeQ
) = {0 if 7 € Q.

It is easy to show f(z) is nowhere continuous by sequential argument. Moreover we
know that f(z) > 1 for all z € Q. Therefore for any partition P of [—2, 3] we can
compute

L(f, P)= Zmz’(f)(mi —xi-1) =0

U(f.P)= ZMz(f)(xz —®i—1) > Z(wi —xi-1) =3—-(-2)=5

by the density of Q and Q¢ in R. Thus the function is not Riemann integrable on
[—2, 3] since we can choose €y = 1 then for any partition P of [—2, 3] we always have
U(f,P)— L(f,P)>5>1=¢.

32 Quiz 10

1. (5 pts) Write down the 3rd order Taylor’s formula, i.e. n = 3, centered at a € R
with Lagrange remainder explicitly, for a function f € C3([a,b]) and 4 times
differentiable in (a, b).

Proof. For any x € [a,b] we have

f"(a)
2!

F9(e)
Al

f/l/ (a)

3!

f@) = fla) + f'(a)(z —a) + (z—a)® + (x—a)’ + (z—a)!

for some ¢ between a and x. O
2. (5 pts) Let f(x) = 2° + = + 1. Apply the above result to rewrite f(x) as

f(x) = ap + ar(x — 1) + az(x — 1) + az(x — 1)3. In other words, express the
function f(z) in terms of powers of (x — 1).
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Proof. Since f is a polynomial function of degree 3 therefore f(™) =0 for all n > 3.
Moreover f'(x) = 3z% + 1, f”(x) = 6z and f"'(x) = 6 and thus f(1) =3, f/(1) =
4, f"(1) =6 and f"'(1) = 6. Use the Taylor’s formula centered at a = 1 we get

f@)=3+4(x—1)+3(x—1)*+ (z — 1) O

33 NOVEMBER 29

We have showed that

e A continuous function on [a, b] is Riemann integrable.

e A monotonic function on [a, b] is Riemann integrable.

e A bounded function with a single discontinuity is Riemann integrable since
we can make the partitioned interval containing the discontinuity arbitrarily
small.

e The proof of above can be easily generalized to show a bounded function with
finitely many discontinuities is also Riemann integrable.

e For countably many discontinuities, the proof above cannot be applied, in this
case one might need to use the compactness of [a, b] to get the “finite covering”
argument. But some special cases may not require the topological definition
of compactness. For instance, if the set of discontinuities form a convergent
sequence, then it still can be easily showed that the function f is Riemann
integrable. We will see some examples later.

e Actually, we have the theorem due to Lebesgue, which says that f : [a,b] = R
is Riemann integrable if and only if f is bounded and the set of points at which
the function f is discontinuous has Lebesgue measure zero.

Example 33.1. Here are some (non)examples:
e Consider the floor function f(z) = |x]. Since f is monotonically increasing it
is integrable on any [a, b].
e Let f:]0,1] — R be given by

f(m):{o if = 0;

1/n ifﬁ<x§%forsomen€N.

Then again the function f is monotonically increasing on [0,1], thus it is
Riemann integrable even if it has infinitely many discontinuities.
e Let f:[0,1] — R be given by

0 ifx:()orq::%forsomeneN;
flx) = :
1 otherwise.

Notice that the function is not continuous precisely at {1/n | n € N} U {0}.
Now for any € > 0 there exists some N € N such that 1/N < ¢/2. Now consider
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the intervals [0, 1/N] and [1/N, 1]. Note that there are only finitely many n € N
such that 1 <n < N therefore f is integrable on [1/N, 1]. It means that there
exists a partition P, of [1/N, 1] such that

U(f,P.) — L(f,P.) <¢/2.

Now consider the partition P = P, U {0}, then
U(f,P) = L(f.P) = 5 =0+ U(f,P) ~ L({,P)) <.

Thus we proved that f is integrable on [0,1]. The proof can be generalized
into any cases when the points of discontinuity form a convergent sequence.
e The Dirichlet function f : [0,1] — R defined by

1 if x is rational;
flx) = e
0 if x is irrational,

is not Riemann integrable. This can be easily shown using Riemann upper /lower
sums.
e Consider a slightly modified function f : [0,1] — R given by

1/2 if z is rational;
f(z) = U
T if x is irrational.

For any partition P, we can assume P contains the mid point 1/2 since adding
this point will only make the upper sum smaller and lower sum greater (thus
it doesn’t affect the proof). Say

pP= {‘TO =0,21, -,y = I/van+17"' 7In+m}'
By the density of rationals and irrationals in R, we have
(1) Foralli=1,--- ,n,
1
Mi(f) = sup{f(2) | @ € [zi-1,2i]} = 5,
mi(f) = inf{f(z) |z € [wi—1, 2]} = zi1.
(2) Forallj=1,---,m,
My (f) = sup{f(2) | © € [&n+j—1, Tntj]} = Ty,

1

M4 (f) = nf{f(2) | ¥ € [Tnij-1,Tnys]} = 7
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Therefore we can compute the upper and lower Riemann sums as follows:

m

|
U(f,P)= Z 5(%‘ —xi-1) + fonﬂ'(xnﬂ' — Tntj-1)
i=1 j=1
11 1¢ 42
Z 55 + 5 n+j n+j71)
]:1

L1 1y 5
42 4) 8’

where the inequality is due to ,4; > % And
n m
P)=Y mia(mi—wia)+ 3

i1

Jj=1
1o, 5 11
52_ (e —aia) + 22

(Tntj — Tntj-1)

l\’)\»—t

IN

. Thus we have

where the inequality is due to z;_; < %

o~ =

U(f,P) = L(f,P) =

therefore the function f cannot be Riemann integrable on [0, 1].

34 DECEMBER 1

We can also use upper/lower Riemann sums to find the integral of an integrable
function. For example,

Example 34.1. Counsider the function f : [0,1] — R defined by f(x) = z. Let
P={zy=0,21, - ,2, =1} bea partltlon of [0,1]. Tt is easy to see that M;(f) = z;
and mz(f) = Xj—1. Thus
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Then we get

n

U(f,P) + L(f,P) :Z(Jﬂf—fﬂf—ﬁ =1,
U(f,P) = L(f,P) =Y (zi —2i1)*.

i=1

Therefore we can express the upper and lower Riemann sums separately as follows

In particular, we can partition [0, 1] evenly into n subintervals, denote by P, such
special partition. Then

Thus
1 1

11 Lo
R EORY REY WELS R R

and let n — oo we obtain that f is integrable on [0, 1] and

/01 flx)dz = %

Recall that the tagged partition (P, T) is a partition P of [a, b] with tagged points
in each subinterval at which the function is evaluated to contribute to the sum.
We defined the Riemann sum S(f, P,T) with respect to the tagged partition in the
natural way without taking sup and inf of the function at each subinterval.

Now the function f : [a,b] — R being Riemann integrable on [a, b] is equivalent
to saying there exists I € R such that limp|—o S(f, P,T) = I for any tag T of P,
i.e. for any € > 0 there exists § > 0 such that for any partition P with ||P|| < § we
have |S(f, P,T) — I| < € holds for any tag T of P.

The examples we have seen before using upper/lower Riemann sums to prove
integrability can also be shown using Riemann sum.

Example 34.2. Consider the function f : [0,1] — R defined by

1/n if t = L for some n € N;
=Y ;
0 otherwise.
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For any € > 0 define
F.={x€[0,1] | f(z) > €}.

Then F, is a finite set and set n. = |F¢|. Let (P,T) be any tagged partition of [0, 1]
with ||P|| < ¢ (we will determine 0 in terms of € later). Decompose (P,T') as (Py,T1)
where the tags are in F, and (Ps,T2) where the tags are in [0, 1] \ Fe. Then

0<S(f,P,T)=S(f, P1,T1) + S(f, P2, T2) <ned +e < 2e¢
if we set n.d < e. This is because for S(f, Pi,T1) we have
S(f,Pl,Tl) S Ne - 1 5

where n. meaning at most n. such points in 77, 1 means f(x) < 1 and ¢ is the bound
for the norm of P; For S(f, P2,T») < € it is because f(x) < € by the assumption
that T5 are not chosen from F,. Therefore f is Riemann integrable on [0, 1] with

1
Jo f=0.
Using the similar idea we have prove the following fact:

Proposition 34.3. Given f : [a,b] — R bounded, and f(x) =0 except for a finite

number of points c1,--+ ,c¢, € [a,b], then f is Riemann integrable on [a,b] and
b

J, f=o.

Proof. Let M = max{f(c;) | i € [n]}. For any € > 0 take § = 37-. Let (P,T) be

any tagged partition with ||P|| < §. Then we can decompose (P,T) into two disjoint
parts: (P1,T1) as subpartition with tags in {c¢;}; (P2, T2) as subpartition with tags
not in {¢;}. Then

IS(f, P, T)| = |S(f,P1,T1) + S(f, Py, T5)| < nnLMMm =

Therefore f is Riemann integrable on [a,b] with f: f=0. O

Remark 34.4. The above proposition can be rephrased as: if f,g: [a,b] — R and
f(x) = g(x) except for a finite number of points in [a,b] then f is integrable on [a, b]
if and only if g is integrable and in this case f; f= f; g. It means that changing a
function at finite number of points does NOT affect the Riemann integrability and
the value of integral.
BUT, the conclusion may fail if “finitely many points” is replaced by “ countably
infinite number of points”. The followings are two simple reasons:
e We can turn a bounded function into an unbounded function by changing the
values at countably infinite number of points. Consider f : [0, 1] — R given by

n if z = 1/n for some n € N;
fla) = /
0 otherwise.
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Such function f equals O-function except at 1/n. But f is unbounded so it
cannot be Riemann integrable.

e The conclusion may still not hold if f is bounded. Take for example the
Dirichlet function. The function is bounded and equals 0 except at QN [0, 1]
which is countable. But the Dirichlet function is not Riemann integrable.

35 Quiz 11

1. (5 pts) Let a,b € R with a < b, and let P = {zg = a,21, -+ ,Tpn_1,T, = b} be a
partition of the interval [a, b]. Suppose that f : [a,b] — R is bounded.
a) (3 pts) State the definition of upper Riemann sum of f with respect to the
partition P explicitly.

Proof. The upper Riemann sum of f with respect to the partition P is defined
to be

U(f,P)=> Mi(f)(x; — zi-1)
i=1
where M;(f) =sup{f(z) | z € [x;—1, 2]} O
b) (2 pts) State explicitly the definition of upper integral of f on [a,b)].

Proof. The upper integral of f on [a,b] is

—b
/ f=if{U(f, P) | P is a partition of [a, b]}. O

2. (5 pts) Suppose that f(x) =0if z € [0,1), f(z) =1if x € [1,2), and f(x) =2
if x € [2,3]. Give an example of a partition P of the interval [0,3] for which
U(f, P) — L(f, P) < 0.1.

Proof. The function f(x) has two jump discontinuities, one at = 1 the other at
x = 2. Therefore the nonzero difference of U(f, P) and L(f, P) only happens at
those subintervals (given by the partition) containing x = 1,2 as interior points,
or including these two points as the right endpoints. Start with the following
partition,

P= {.’L‘Q = 0,.131,.232 = 1,%‘3,374 = 2,1‘5 = 3}

and assume for simplicity Az := x9 — 21 = x4 — x3. Therefore the difference is
given by
U(f,P)— L(f,P)=(1-0Az+ (2—1)Az = 2Ax

since on other subintervals, namely on [0, z1], [z2, 3], [2, 3] the sup and inf of f(z)
are the same. So in order to make U(f, P) — L(f, P) < 1/10, we only need to
make 2Az < 1/10, i.e. Az < 1/20. Therefore we can take for example

P={xp=0,21 =099, 20 = 1,23 = 1.99, 24 = 2,25 = 3}. O
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36 DECEMBER 6

Recall the fundamental theorem of calculus:
e (FTCI) Let f be a Riemann integrable function on [a, b]. Define F' on [a,b] by

Plz) = / " fyar.

Then F(x) is continuous on [a,b]. Moreover if f is continuous at a point
¢ € [a,b] then F is differentiable at ¢ and F'(c) = f(c).

Remark 36.1. (1) Function F is uniquely determined up to addition of a

(2)

constant.

FTC I tells us that any continuous function has an antiderivative which
is differentiable. But sometimes it is not easy to write down the formula
explicitly, for example f(z) = e,

A discontinuous function may have an antiderivative. Consider
{$2SII1316 if x #0;

Fg) =
() 0 if z =0.

Note that this function F(z) is differentiable but not continuously differ-
entiable. Let f(z) = F'(z), i.e. F is an antiderivative of f. Note that f is
not continuous at zero because F” is not. So it is possible for a function f
which has discontinuity at some points but still admits an antiderivative.
BUT, by Darboux theorem (IVP for derivative), if f is the derivative of
F on some interval, then f has intermediate value property (no matter f
is continuous or not). This tells us that a discontinuous function without
IVP does NOT have an antiderivative. For example, a function with jump
discontinuities such as floor function.

Example 36.2. Let f :[0,2] — R be defined by

~J0 if ¢ #£ 1;
f(x){l ifx=1.

Does there exist a function F : [0,2] — R such that F/ = f on [0, 2]?
The answer is no. Assume such F' exists. Since f(z) = 0 on (0,1) then
F = a constant in (0,1); likewise F' = b constant in (1,2). But if F exists
it has to be continuous on [0, 2], in particular continuous at 1. It forces
a="b= f(1) =1. Thus F is constant in (0, 2). It leads to a contradiction
F’(1) = f(1) = 1 = 0. Therefore such function does not exist.

The differentiability of F' at ¢ only depends on the continuity of f at
the same point c¢. But the continuity of F’ at ¢ doesn’t come from
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differentiablity of f at ¢. To be precise, let’s assume f : [a,b] = R
Riemann integrable and define F(z) on [a,b] as in FTC 1. Let ¢ € (a, b)
be an interior point.

Example 36.3. If f is differentiable at ¢, then F is differentiable at ¢
but may not be continuously differentiable, i.e. F’ may not be continuous
at ¢. Because we only have F’'(¢) = f(c¢) holds at point ¢, not in some
neighborhood of ¢ but continuity is a local property. The following example
shows that I’ may not exist in any arbitrarily small neighborhood of c,
i.e. F is not differentiable in any small neighborhood of c.

Define

if z € (—o0,—1] U[1,00);
2% lf],‘E(—l,—%]U[%,l),
3L2 ifIG(*%,*%]U[%,%),
fla)=4:
w e (i =RV )
0 if z =0.

It is easy to show by definition that f is differentiable at 0 with f/(0) =0
(Exercise). Due to symmetry we only need to consider f(z) on [0, 0), the
other half is similar. Since f is increasing on [0,00) and decreasing on
(=00, 0] it is Riemann integrable on R. And F(z) = [ f(t)dr is piecewise
linear with different slopes given by the value of f. So F' has sharp corners
precisely at {+1/n}. It can be checked that F’ does not exist at those
{£1/n}. And thus F’ cannot be continuous at 0 by using sequential
criterion of continuity and taking sequence x,, = 1/n for example.

FTC T also provides a way to define transcendental functions i.e. functions
not expressed as a finite combination of algebraic operations, as integral

of elementary functions.
1
In(z) = / —dt
1 t

For example, consider
where the integral is well-defined on (0, 00) since 1/t is continuous on
[1,z] for x > 1 or [z, 1] for 0 < < 1. Thus

d 1

and we can deduce the properties of In(z) from this presentation. For
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instance,

Yy Yy Yy
In(z) + Iny /dt /dt /dt / ds_/ %:ln(m

where we are using substitution s = xt.

e (FTC II) Suppose f is continuous on [a,b] and differentiable in (a,b) with f’
being Riemann integrable on [a, b]. Then

b
/ f(@)de = £(b) — f(a).

Remark 36.4. (1) It is not necessary to assume the existence of the right
derivative of f at b or the left derivative of f at b.

(2) FTC II gives a way to find the exact value of an integral as long as we
can find an antiderivative of the integrand.

(3) One example of using FTC II to find the value of infinite sum. For example
we consider f:[1,2] = R and f(x) = 1/z. Then f is integrable because
it is continuous. Let n € N take partition P, with tags 7;, by taking left
endpoints:

P,={1,1+1/n,--- ,1+k/n,--- ,14+n/n},
T,={1+k/n|k=0,---,n—1}

Then ||P,|| — 0 as n — co. The Riemann sum can be computed as

k=1 n k=1

Thus
| zn: L o)
im _— r=In
n—00 n+k—1 1T

by FTC II.

37 DECEMBER 8

—1 —1 —1
1. With an example show that the identity [,f + [ g = [,(f + g) may be false
if f or g are not integrable.

Proof. Let f,g:]0,1] — R with f being the Dirichlet function and g =1 — f:

1 if 0 if
f(x):{o ifizg’ g(‘r):{1 ifizg'
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Note that both f and g are not Riemann integrable on [0,1]. And f+¢ =1 so

/ /9—1 /f+9)—1-
/f+/g—2>/ (f+9) =1 O

. Consider the function f : R — R defined by

2 1 if
f(x)z{0|x+ ifiég

Show that f is not Riemann integrable on [—1,2].

Thus

Proof. First note that f(x) > 1 for all x € Q. By the density of Q and Q¢ in
R, for any partition P = {xg = —1,21, - ,x, = 2} of [-1,2], we can compute
its corresponding upper/lower Riemann sums:

>Z —xi_1)=2—(-1)=3;

(fv ) - 0
Therefore U(f, P) — L(f, P) > 3 for any partition P of [—1,2] which implies f
is not Riemann integrable on [—1,2]. O

. Consider the function f(x) = |2]|. Using theorems we proved in class explain
why f € R([0,4]). For each € > 0 find an explicit n so that a standard partition

Py, of [0,4] satisfies U(f,Pn) — L(f, Pn) < 100

Proof. The function is increasing on [0, 4] thus it is Riemann integrable on [0, 4].
Or using the fact that such function only has finitely many discontinuities on
[0,4]. To make the inequality hold for e = 1/100, take for example n = 4000:

p S 1 999 1001 1999 _ 2001 2099
400071 10007 7 10007 710007 7 10007 7 10007 710007
Then 4 1
-y - <.
U(f.Pn) — L(f, Pn) 1000 < 100 O

. We mentioned in class that Thomae’s function

1/q if x = p/q with p,q € N coprime
flx) = :
0 otherwise

is Riemann integrable on [0, 1]. Show that fol f=0
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Proof. By density of irrationals, we know L(f, P) = 0 for any partition of [0, 1].
For any € > 0 there exists N € N such that 1/N < e/2. Consider the set

F.={z€[0,1] | f(z) > ¢/2}.

Then the set F¢ is finite since there are only finitely many rational numbers
in [0,1] with denominator less and equal to N. Let |F| = I. Now take
P. = {zy = 0,21, -+ ,2, = 1} be a partition of [0,1] such that ||P.|| < ¢/4l.
Then

€
5
Therefore the Thomae’s function is Riemann integrable on [0, 1]. Since the
lower Riemann sum is always 0 then the lower integral is 0, and the function is
proved to be Riemann integrable therefore fol f=0. O

U(f,P€)<1~21~i+ (1-0) =

. Prove that if f : [a,b] — R, where a < b, is continuous and nonnegative on
[a, b] then

b
/ f=0 = f=0on|a,bl.
Proof. By way of contradiction suppose f(c¢) > 0 for some ¢ € [a,b]. T will

assume ¢ € (a,b) the endpoint case is similar. By assumption f is continuous
so there exists ¢ > 0 sufficiently small such that (¢ — d,¢+ ) C (a,b) and

£@) - f0) < L2
whenever z € (¢ — J,c+ §). Then
@) = f(e) + f(x) = f(e) > f(e) — |f(x) = F()] = f(e) - @ _ @

for x € (¢ — d,¢+ 0). Therefore

/abf:/ac_éﬁ/cjﬂ ci6f>25f(20)>0

which is a contradiction. Thus such ¢ does not exist. O
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