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2 SETS AND FUNCTIONS

1. Sets.

Definition 1. (Set) A set is a collection of objects. These objects are called “elements” or “members”
of the set.

If an object x is an element of a set A, we write x € A, or equivalently A > z. If an object is not
an element of a set A, we write z ¢ A.

There are two ways of defining a set.
e The first is to list all elements:
A:={1,2,3}; B:={1,{2,3}} (1)
Note that A and B are different!

Exercise 1. Explain why A and B are different.
On the other hand, we have

{1,2,3}=1{3,2,1}={1,2,3,3,1} (2)
that is the order of elements and repetition of elements do not matter.

e The second is to define a set to be all objects satisfying one or more properties:
o Let A={All the real numbers that satisfy |x — 1| <3}. Then
leB, 4¢ B. (3)
o Let B = {All natural numbers n such that there are integers solving z" + y" = 2" }.

Thanks to Andrew Wiles we now know that

1,2€C, 3,4,..¢C. (4)
o Let C={re€B:22=9}. Then3€ D, -3¢ D.

In general, a set defined this way is written as
A={z| P(x)} (5)
which reads “A is the set of all 2 such that the statement P(z) is true”.
Exercise 2. Write the above sets A, B, C in the form {z| P(x)}. Make P(z) explicit.

As seen above in the definition of C', we also use the notation
A={zeB|P(z)} (6)

to mean “A is the set of all z in B such that P(x) is true.” This is useful when the set B is
previously defined and most of the z’s under consideration are elements of B. For example,
in real analysis we often write definitions like A= {z € R|....}.

Exercise 3. Sometimes a set is defined as
A={f(z)| P(z)} (7)
where f is a previously defined function. Explain what this means.
Remark 2. In mathematics sets usually have infinitely many members. For such sets we
have to take the second way. However, see the next remark.
Remark 3. The above two methods of writing a set are based on the following two assumptions:

1. Axiom of extensionality: A set is determined by its elements, that is, two sets with same
elements are the same set.



2. Axiom of intentionality: A set can be determined by one or more properties. That is we can
write

A={z| P(x) is true} or simply A={z| P(z)} (8)
where P(z) is a mathematical statement involving x.
These two axioms seem naturally true but unfortunately they lead to paradoxes. Fortunately, at
the level of analysis, such paradoxes have little effect.

Exercise 4. (Russel’s paradox) Let A={S5|S¢S}. Show why this is a paradox.

Example 4. (Empty set) There is a special set called “empty set”, denoted &, which is defined as
a set with no element. In other words, there is no object a satisfying a € &, or equivalently, every
object a satisfies a ¢ @.

Exercise 5. Prove that there is exactly one “empty set”. Which axiom are you using in your argument?
Example 5. There are several special sets of numbers that are so important that they have special
letters assigned to them.

e The set of natural numbers is denoted N; So N={0,1,2,...}.

e The set of integers is denoted Z; So Z={...,—1,0,1,2,...}.

e The set of rational numbers is denoted @Q;

e The set of real numbers is denoted IR;

e The set of complex numbers is denoted C.

Note that in the following of this course we will use these standard symbols.
1.1. Relations between sets.
Two sets A, B can have the following possible relations:

e Subset. If every element of A is also an element of B, we say A is a subset of B, denoted
A C B. Using the logical statements in the last subsection, A C B is defined as

reA=uzeB. 9)
For example N C Z.

e Equal. If A, B have exactly the same elements, we say A= B. For example, if A:={z €R:
224+ 1=0}, then A=@. On the other hand, if B:={z € C:22+1=0}, then B={i,—i}.
A = B can be defined as
reA<—=zeB (10)
which immediately gives

A =B is equivalent to [(AC B) and (BC A)]. (11)
When the relation between A, B are not obvious, showing A C B and then B C A is most
likely the only way to prove A= B.

e Proper subset. From the above definitions we know that if A = B, then A C B. However,
when we talk about subsets, often we do not mean this trivial situation. Thus we define “A
is a proper subset of B”, denoted A C B, if AC B but A+ B. Sometimes it is also denoted
as A C B to emphasize these.

How to prove set relations:
e ACB. To prove A C B, we show every x € A also € B. More specifically, we show that an
element = € A, taken arbitrarily, must also be in B.

Example 6. Let A={x >0}, B={x>—1}. Prove AC B.
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Proof. Let x € A. Then z > 0. This gives z > —1 which means x € B. Thus any x € A also
€ B which means A C B. O

e A= B. To show this we need to show A C B and B C A.
Example 7. Let A={z|e”>1} and B={z >0}, prove A= B.

Proof. We first show A C B and then B C A.
o AC B. Take arbitrary = € A, we have e >1=¢". This gives 2 >0 so z € B.
o B CA. Take arbitrary = € B, we have ¢ > e’ =1. This gives ¢ >1 so x € A. U
e ACB. Show AC B and A # B. More specifically, first prove “any = € A also €B”, then

prove “there is y € B such that y ¢ A”. This is usually done through explicitly finding this
element y.

Example 8. Let A={x >0}, B={x>—1}. Prove AC B.
Proof. We have already proved A C B, therefore all we need to show is A+ B. To show this
we need to
o either find an element of A which is not an element of B,
o or find an element of B which is not an element of A.
Since A C B, all elements of A are elements of B, so we try to find an element of B which
is not an element of A. This is easy: 0 € B but 0 ¢ A. O
Proposition 9. We have
o ICA for any set A.
o et Abeaset IfACY, then A=02.
o ACBand BCC then ACC.

Proof.
o This is true because there is no element in .1

o We need to show that A has no element. Assume the contrary, let v € A. Then x ¢ @.
Therefore AZ ¢, contradiction.

o Take arbitraryr € A. AsACB,xeB. As BCC, x€C. Thus we have: for anyx € A, x€C
which is exactly A CC. U
1.2. Operations that create new sets.
Given two sets A, B, the following operations create new sets from A and B.

e Union. The union of two sets A, B is the new set obtained from putting all elements of A
and all elements of B together. We denote

AUB:={z|(x€A)V(xeB)}. (12)
e Intersection. The intersection of A, B is the set of all common elements of A, B:
ANB:={z|(xr € A)AN(x € B)}. (13)
e Set difference. The “set difference of B from A” is the set of all elements that are in A but
not in B:
A—B:={z|(xcA)N(z ¢ B)}. (14)

1. We need to show {x € @}= {x € A}. But x € & is always false so the whole statement is always true no matter what
A is.



It is also called the “complement of B relative to A”. In some textbooks the notation A\B
is also used.

e Complement. Often all the sets relevent to our discussion are subsets of an “ambient set” X.
For example in 314 almost all the sets we discuss are subsets of the ambient set R. In this
case X — B is often denoted as B¢ and called “complement of B”.

Exercise 6. Prove the following: Let A, B be any set.

A-A=@;, A-o=A;, ©-A=0; (15)
A—B=A-(ANDB); (16)
A°NB*=(AUB)% A°UB°=(ANB)- (17)

Proposition 10. The following are very useful in proving set relations.
a) ACC,BCC=AUBCC;
b) CCACCB=—CCANB;
¢c) ACB=—ANCCBNC;
d) ACB=—AUCCBUC.
e) ACB=—C-BC(C-A.
Proof.
a) We are given
reA=zecCandreB=zc(C (18)
and need to show

(xeAorzeB)=—xzeC. (19)

We only need to deal with the case z € A or x € B is true. Thus at least one of xt € A,.x € B
is true. Say z € A is true. Then x € A=z € C gives z € C' is true. Similarly if z € B is true
we also conclude = € C is true. Consequently if x € A or x € B is true then x € C is true,
which is exactly

(xeAorzeB)=—xzeC. (20)
b)—e) can be proved similarly and is omitted. O
Exercise 7. Prove b) —e).

Theorem 11. (Properties of set operations) Let A, B,C be sets
a) ANBCACAUB.
b) AUA=A;ANA=A.
¢c) AUB=BUA; ANB=BnNA.
d) (AUB)UC=AU(BUCQC); (ANnB)NC=ANn(BNQC).
e) AN(BUC)=(ANB)U(ANC); AU(BNC)=(AUB)N(AUC(C).
Proof. The proofs are quite similar, thus we will not give all the details but only prove the first

half of e).
Recall that to prove A= B, all we need are AC B and B C A.

e [(ANB)UANC)CAN(BUCQC). Since B C BU C, application of Proposition 10 gives
ANBCAN(BUC). Similarly we have ANC C AN (BUC). Applying Proposition 10 again,
we have

[(ANB)U(ANC) CAN(BUC). (21)
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e AN(BUC)C[(ANB)U(ANC)]. Thisis a bit tricky. First consider the case AN (BUC)=g.
In this case AN (BUC) Cany other set, so the claim holds.

Otherwise, for every z € AN (B U C), by definition x € A and x € B or C. We discuss

the two cases separately. If z € B, then x € ANB C(ANB)U(ANC); If x € C, then

reANCC(ANB)U(ANCQO). O

Exercise 8. Prove the remaining claims of the theorem.

Remark 12. From property d) in the above theorem we see that the intersection of three sets:
AN BNC is well-defined.

Remark 13. A good tool to understand relations of sets is the Venn graph, or Venn diagram (the
wiki page is a good enough reference). However, drawing a Venn graph is NOT A PROOF of set
relations. It is just a help of visualizing what is going on and may inspire how the proof could be
constructed.

1.3. Operations on arbitrary number of sets.
The operations U, N can be generalized naturally to involve more than two or even infinitely
many sets. For example we can define

ANnBNC={z:x€Aand z€ B and z€(C}. (22)

More specifically, let £ ={E,}oca be a collection of sets. Then

i. The union of £ is

UacaEq:={z:x € E, for at least one a € A}; (23)

ii. The intersection of & is

NacaFo:={z:x € E, for all « € A}. (24)

Example 14. Let E,={r € R:x <1/a} fora € A={a€R:a>1}. Calculate (meaning: give the
simplest description possible, preferably one single formula) NgeaE, and Uge aFy.
Solution.

e NgeakF,. Solving such problems usually involve three steps.

1. Determine the answer. If @ > 1, then 0 <1/a. So {z:2 <0} C E, for all a. As a gets
larger, 1/a gets smaller so we are pretty sure E := {z: z < 0} should be the answer.
What we need to do now is to show NycaF, = FE. Remember our only method of
showing equality of two sets?

2. NgeaEq, C E. We need to show that if x € R satisfies x < 1/a for all a > 1, then x <0.
We prove by contradiction. Assume there is x > 0 such that z <1/a for all a > 1. Set
a= 1:;96 >1. Then 1/a= 1+Lm <z as x >0, contradiction.?

3. ECNgeaFE, We need to show that every = <0 satisfies x < 1/a for every a > 1. This
is obvious as x <0< 1/a.

e UscaFE, The procedure is similar, we get Uye aFq={z:xz <1}.

2. Think: Why not just set a=1/z? Then 1/a =z >z, contradiction!



2. Sets of real numbers.

2.1. Subsets of R.
The most important sets to us are subsets of the set of real numbers, that is £ C R.

Intervals.

One special class of subsets of R is intervals:

Definition 15. Let a,b be real numbers. A closed interval is a set of the form
[a,b] :={r €eR:a<x<b}, [a,00):={xeR:a<x} (25)
(—oo,b:={rcR:x<b}; (—00,):=R. (26)
An open interval is a set of the form
(a,b):={zeR:a<z<b}, (a,0):={reRia<z} (27)
(—o0,b):={zcR:z<b}; (—00,0):=R. (28)
One can also define half-open, half-closed intervals:

[a,b):={z€eR:a<z<b}, (a,b]:={zeR:a<z<b}. (29)

Remark 16. Note that IR is both an open interval and a closed interval.

Example 17. Write the following in interval notation:
a) Ai={xeR:|z—3|<1};
b) B:={z€R:|z—3|>5}.
c) (1,2).
Solution.
a) For A we have A={reR:2<2 <4} so A=2,4];
) B={z€R:x>8or x<—2} so B=(—00,—2)U(8,00).
c) (,2)={zeR:l<z<2}so (1,2)={zcRz<lorz>2}={zcRiz<1l}U{reR:x >2}
which equals (—oo, 1] U2, 00).

Exercise 9. Prove the following:
a) (a,0) C(c,d) <= [(a= )N (b<d)];
b) (a,b) Cle,d]«=[(a=c) A (b<d)];
¢) la,b]Cle,d]<=[(a=c) A (b<A)];
d) [a,b] S (¢, d) <= [(a>c) A (b<d)].

Remember: To prove <= you need to prove both = and <!

[a,
[
Open sets and closed sets.

Using intervals we can define open and closed sets, which are crucial in real analysis.

Definition 18. A set E C R is open if for every x € E, there is an open interval (a,b) C E such
that x € (a,b). A set E CIR is closed if its complement E°:=R — E is open.

Remark 19. Traditionally, we say R and @ are both open and closed.
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Lemma 20. Open intervals are open, closed intervals are closed. Half-open, half-closed intervals
are neither open nor closed.

Proof. Let I be an open interval. For every x € I, we have x € I C I. Therefore I is open.

Next let a,b € R and [a, b] be an closed interval. Then we have [a,b]¢= (—o00,a) U (b, c0). Take
any z € [a, b]. Then there are two cases:

e x€(—00,a). Since (—oo,a) is an open interval, we have = € (—o0,a) C [a, b]°

e 1z (b,00). Similarly, (b,00) is an open interval so we have x € (b, 00) C [a, b]°.
The other three cases are easier:

e [a,00): We have [a,00)¢=(—00,b) open;

o (—00,b]: We have (—o0, b|®= (b, c0) open;

e (—00,00): We have (—o0,00)¢= & open.

Finally we show that [a,b) and (a, b] are neither open nor closed. For [a,b), to see that it is not open,
take z =a € [a,b). Then for every open interval (c,d) containing x = a, we have ¢ < a and therefore

c+a c+a o . . c__
5— € (c,d) but ——¢ [a,b). To see that it is not closed, we consider [a,b)°=(—00,a) U[b,o0). Take

x=>b and argue similarly, we see that [a,b)¢ is not open. Therefore [a, ) is neither open nor closed.
The proof for (a,b] is similar. O

Exercise 10. Prove by definition:
a) (0,1)U(1,2) is open;
b) [1,2]U[3,4] is closed.

Lemma 21. If F is open, then E€ is closed; If E is closed then E€ is open.

Proof. The second part is by definion. For the first part, because (E€)¢= FE, E¢is closed if F is
open. O

Theorem 22. We have the following results about intersection and union of sets:
a) The intersection of finitely many open sets is open; The union of open sets is open.

b) The intersection of closed sets is closed; The union of finitely many closed sets is closed.

Proof. We prove a). b) follows from a), Lemma 21, and De Morgan’s rule of set operations:
(maeAEa)c = UaeAEgl; (UaeAEa)c = ﬁaeAEgu (30)

e Intersection of finitely many open sets. Denote these sets by FEji, ..., E,. We show that for

every x € Ni—1E;, there is (a,b) CN;_1F; such that z € (a,b).

As Ej is open, there is (a1,b1) C Ey with x € (a1, b1);

As Es is open, there is (a2, bs) C E2 with x € (ag, ba);

Doing this for all F;, we obtain (a;, b;) C F; such that = € (a;, b;).

Now set a = max {ay, ..., an} and b = min {by, ..., b,}. We claim that a < x < b. Since
x € (a;,b;), we have a; <x <b; for alli=1,...,n. Therefore a=max{ay,...,a, } <z <min{by,...,
bn,} =b. Thus we have (a,b) is an open interval and x € (a,b). Finally, as a > a;, b < b;, we
have (a,b) C(a;,b;) C E; for all i=1,2,...,n. Therefore (a,b) C N1 E;.



e Union of (could be infinitely many) open sets. Denote these sets by E, with a € A an index
set. Take any € UycaE,. By definition there is E,, such that x € E,,. Since E,, is open,
there is a,b € R such that = € (a,b) C Eqy C UqeaFq. O

Remark 23. Note that the “union of open sets” and “intersection of closed set” in the above theorem
can in principle involve infinitely many sets. For example (1/x,00) is open for  >0. Then we know
Uzso(1l/z, c0) is open. On the other hand, the intersection of infinitely many open sets may be
closed, for example Npen(—1/n, 1/n); The union of infinitely many closed sets may be open, for

example UneN[%, 1— %] Of course it may also be half-open-half-closed.

Remark 24. From the above theorem we see why it is a good idea to say R and @ are both open
and closed.

Theorem 25. (Structure of open sets) Let E CIR be open. Then there are a;,b; ER, i €N such
that £ = UieN(ai, bi).

Proof. The proof is beyond the level of this course and is omitted. U

2.2. Properties of sets of real numbers.

Sup and Inf.
For a set of finitely many real numbers, we often talk about its “largest” and “smallest” elements:
its maximum and minimum.

Definition 26. (max and min) Let A be a nonempty set of numbers. Then the mazimum of A
is an element x € A such that

Vye A y<x. (31)
Similarly, the minimum of A is an element z € A such that

VyeA Y=z (32)

The maximum and minimum of a set give us a rough idea of how “spread out” the set is. However,
when the set is infinite, maximum or minimum may not exist.

Example 27. (max/min may not exist) Let A= {1 - %: ne IN}. Then min A =0, while max A
does not exist.
e min A=0. Checking definition of min we see that we need to prove
1. 0€ A; This is true as 0:1—%614.
2. Forany x € A, x >0. Let x € A be arbitrary. Then there is n € N such that t=1— % >0.
Thus we have proved min A =0.

e max A does not exist. Assume the contrary, then there is amax € A. Then there is ng € N
such that apax=1— nio Taking n > ng we have apmax <1 — % € A, contradiction.

Exercise 11. Let S CR be a finite set. Prove that max S and min S exist.

Exercise 12. Give an example of a infinite set A C R whose maximum and minimum both exist. Justify your
answer.
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To fix this situation, we introduce the notion of supreme and infimum, two numbers characterize
a how spread out a set of (possibly infinite) real numbers is.

Definition 28. (sup and inf) Let A be a nonempty set of numbers. The supreme of A is defined as
sup A=min{beR:b>a for every ac A}. (33)
If {beR:b>a for every a€ A} =, we write
sup A = oo; (34)
The infimum of A is defined as
inf A=max{beR:b< a for every a € A}. (35)
If {beR:b>a for everyac Ay =9 , write
inf A=—o0. (36)

Example 29. (max/min may not exist) Let A = {1 — %: n e IN}. Then sup A =1, inf A =
min A =0, while max A does not exist.

e sup A=1. We show two things:
1. Vae A,1>a. Take any a € A. Then there is n € N such that azl—%<1.

2. Vbe R such that b>a for alla€ A, b>1. Since b>a for all a € A, b}l—% for all
n € N. Assume b < 1. Taking n > % leads to contradiction.

e inf A,min A=0. Omitted.

e max A does not exist. Assume the contrary, then there is amax € A. Then there is ng € N
such that amax=1— nio Taking n > ng we have apmax <1 — % € A, contradiction.

Definition 30. (Upper/lower bound) Let A CR be nonempty. a € R is said to be a upper bound
of A if and only if

Vre A r<a; (37)
beR is said to be a lower bound of A if and only if
Ve A x=b. (38)
Remark 31. Thus sup A is “least upper bound” of A. Similarly, inf A is “greatest lower bound” of A.
Remark 32. The advantage of supreme and infimum is that they always exist.
Exercise 13. Try to prove the above claim. Do you encounter any difficulty?

Remark 33. In fact, the existence of sup and inf is part of the definition of the set of real numbers
R.

Exercise 14. More precisely, in the definition of R we only need to put in existence of one of the two. Prove
a) If sup A exists for any A CR, then inf B exists for any B CR.
b) If inf A exists for any A CIR, then sup B exists for any B CR.
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sup and inf are generalizations of max and min.

Proposition 34. Let ACIRR. If max A exists, then sup A=max A; Similarly, if min A exists, then
inf A=min A.

Proof. Let amax=max A. Set B={beR:b>a for every a€ A}. We need to show that amax=min B,
that is

1. Gmax € B. AS amax=max A, we have amax > a for all a € A. Therefore a1 € B;

2. Vb€ B, amax <b. Take any b€ B. Then b>a for all a € A. In particular b > amax.

The proof for the inf/min part is similar. U

Exercise 15. Identify a real number r € R with the set M,:={zeR|z<r}.
a) Prove that the sets correspond to sup A and inf A are
UreaM;, Nrea M, respectively. (39)

b) What sets correspond to r; £ 75?7 Justify your answer.
¢) What set corresponds to the product r172? Justify your answer. (Be careful about sign!)

d) What set corresponds to 1/r7?
Theorem 35. (Monotone property) Suppose A C B are nonempty subsets of R. Then
a) sup B >sup A.
b) inf B <inf A.

Proof. We prove a) and leave b) as exercise.
If sup B = o0, then sup B > sup A holds; If sup B € R, then by definition we have

sup B > b for every b€ B=—sup B > a for every a € A (40)

because A C B. By definition of sup A we conclude that sup B > sup A. O

Exercise 16. Are there simple formulas of “sup” and “inf” for AN B, AU B, A — B? Justify your answers.
Nested sets.

Definition 36. (Nested sets) A sequence of sets {I}nen is said to be nested if
L2LD- (41)

Theorem 37. (Nested interval) If I,, = [ay, b,] with a,, b, € R is nested, then NyZ1l, is not
empty.

e Discussion.
First understand what is the implication of I; D I D ---. This means
a1 <ag < Kap < Kby < Kby <y (42)

Next to understand the proof, we think about the case where there are only finitely many
intervals [a1,b1] 2 [ag, bo] D+ D [an, by). Then clearly any x € [ay,, by] would belong to N}_11,,
for the following reason:

anp=max{ay,...,an} > any ag; b, =min{by,...,b,} < any bg. (43)
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Now return to the proof of the theorem. We have infinitely many intervals so it may not be
possible to pick the largest a, or the smallest b,. But we always have sup a,, and inf b,,.

Proof. Let A={a,} and B={b,}. Consider a =sup A and b=inf B. We prove

e a <b. Assume the contrary, that is b < a. Since a = sup A, by definition b is not an upper
bound of A, there is there is ng € N such that a,,>0b. As the intervals are nested, we have
an, < by, for all n € N that is ayp, is a lower bound of B. Now b=inf B by definition implies
b> ap,. Contradiction.

e [a,b]CNpL1l,. We show that for any n € N, [a,b] C [an, by). To show this we only need a > ay,
and b < b,. Both follow directly from a =sup A and b=inf B. O

Exercise 17.
a) Give a proof using lim a,, and lim b,, after we have discussed limits.

b) If furthermore lim,,_, b, — a, =0, show that N3], consists of a single point.

Remark 38.
e a,,b, € R is necessary. Otherwise we can take I, = [ay, 00) with a,, — oo which leads to
Npe1In#+ 2.
e It is also necessary that the intervals are closed. Counter-examples are I,, = (0, 1/n), or
I,=(0,1/n].

Theorem 39. (Approximation of sup and inf) Let A CR with sup A,inf A€ R. Then for every
>0, there are a,b€ A such that

sup A —a < eg; b—infA<e (44)

Proof. We prove the sup case and left the inf case as exercise. Assume the contrary. Then there
is £9> 0 such that for all a € A, sup A —a >¢eg. Now set agyp:=sup A —eg/2. We have agyp > a for
all a € A but ag,, <sup A. Contradiction. O

Remark 40. By setting e =1/n, we can obtain a sequence {z, } with z,, € A such that x,, — sup 4
(or inf A). However note that =, may not be different elements from one another. For example when
A is finite, we basically will have to take the sequence x,, = amax.

Exercise 18. Can we define “sup”, “inf” for sets in 3, Z or N? Do “sup”, “inf” always exist in subsets of these
ambient sets?

2.3. Extended real numbers.
It is often convenient to add to R two elements +o00, —oo to form the set of “extended real
numbers”. Most of the arithmetics on IR can be carried over:

x + 00 =00, T — 00 =—00, reR (45)

x - 00 =00, x - (—00) = —00, x>0 (46)

X 00=—00, x - (—00) =00, x <0 (47)

00 + 00 = 00, —00 — 00 = —00 (48)

0000 = (—00) - (—00) =00 00-(—00)=(—00)-(00) =—00 (49)

and the following are not involved: co — oo or 0 (+00) or 0- (—o0).
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3. Functions.

Functions used to be defined through formulas. However, as people gain more understanding
of sciences and mathematics, it became necessary to study functions that cannot be described by
formulas. The current understanding is to define functions through what they do: How they map
the input value to the output value.

3.1. Definitions.

Definition 41. (Functions) A function f: A— B is a rule assigning to each element a € A exactly
one element in B, this element is denoted f(a). We call A the domain of the function and B the
range of the function.

Example 42. Let A={1,2,3,4,5}, B={a,b,c,d,e}. Let the rule be given by

1 — a (50)
2 — ¢ (51)
3 — b (52)
4 — d (53)
5 — d (54)
then this is a function with domain A and range B.
On the other hand, the rule
1 — a (55)
1 — b (56)
2 — ¢ (57)
3 — e (58)

fails to be a function because

e It does not assign an element in B to every a € A;

e For some a € A it assigns more than one element in B.
Remark 43. It is important to keep in mind that a function is a triplet: Domain A, Range B,
Rule f. Changing any one of the three leads to a different function. Rigorously speaking, sin x over
(—=1,1) and sinx over (—2,2) are two different function, they just happen to coincide over (—1,1).
In real analysis this may seem like some annoying triviality, but this understanding is extremely

important when studying Complex Analysis, Functional Analysis, and many other higher level
analysis courses.

Definition 44. (Sequence) A sequence is a function with domain N.

Definition 45. (Restriction of functions) Let f: A— B be a function. Let C' C A. Then we can
define a new function, called “restriction of f on C'” by keeping the same rule but change the domain

to C.

Example 46. Consider the function f:R+— R defined through x+ sin x. Then its restriction on
N is the sequence {sinn}.

3.2. When functions meet sets.

Image and pre-image.
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We can consider the effect of a function on subsets of either the domain or the range.

Definition 47. (Image) Let A, B be sets and let f: A~ B be a function. The image of a subset
S C A under f is defined as

f(S):={beB:3a €S such that f(a)=0>} or simply f(S):={f(a)|laeS} (59)
The image of f is defined as the special case
Image(f) := f(A). (60)

Example 48. Let A=B=R, S={acR:0<a<n}, f=sin. Then we have
Image(f)={zeR:—1<z<1}. (61)
f(S)={reR:0<z<1}. (62)
From this example we see that the image of f may only be a proper subset of B.

When studying functions, it is often important to study those a € A such that f(a) has certain
property. More precisely, we need a notation for those a € A such that f(a) belongs to a certain
subset S C B.

Definition 49. (Pre-image) Let A, B be sets and let f: A— B be a function. The pre-image of a
subet S C B is defined as

J7US) = {a€ A] f(a) €S} (63)

Remark 50. When S = {s} has exactly one element, f~1(9) is called a “level set” of the function f.
Example 51. Let A=B=RR, f=sin, S={1}. Then

JUS) =2kt ke (64)

If we let S ={2}, then clearly
F(S)=2. (65)

We see that the pre-image of a single element may not be a single element, it may also be empty
or contain more than one element.

Exercise 19. (Functions and Sets) Let X be an ambient space. For any A C X define a function fa: X — R
by fa(x)=11if z € A and 0 otherwise.

a) Prove that

Jfans=fa- [B. (66)
b) Use a) to prove
AN(BNC)=(AnB)NC. (67)
¢) Find similar formulas for
faus, fa-B, [fa- (68)

d) Use the above to prove other set relations.

Effects of functions on set relations.
Let f: X — Y be a function. Let A, B be two subsets of the domain X. Then there are three
possible relations:

ACB, A=B, AcCB. (69)
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We can discuss what we can conclude for the relation between f(A) and f(B).
Similarly we can study what the effect of f~! is on subsets S,7 C Y, in each of the following
situations:

SCT, S=T, ScT. (70)

Lemma 52. Let f: X — Y be a function. Let A, BC X and S, T CY. Then the following holds.
a) If AC B then f(A)C f(B).
b) If SCT then f~1(S)C f~XT).

Proof. Left as exercise. |

Exercise 20. Prove Lemma 52.

Remark 53. Note that A C B (S C T) does not imply f(A) C f(B) (f~%S) c f~XT)). The
construction of counterexamples are left as exercises.

Effects of functions on set operations.

Theorem 54. Let f: X — Y be a function. Let A,BC X and S,T CY. Then
@) f(ANB)C f(A)N f(B).

b) f(AUB)=f(A)U f(B)

¢) f(A=B)2 f(A) - f(B)

d) fTHSNT)=f~HS)n fHT).

e) fTHSUT)=f~HS)U f~HT).

£) 7S =T)=f~8)— f~HT)
Proof.

a) Since AN B C A, Lemma 52 gives f(AN B) C f(A); Application of the same lemma to
ANBCB gives f(ANB) C f(B). Therefore f(ANB)C f(A)N f(B).

b) We need to show f(AUB)C f(A)U f(B) and f(A)U f(B)C f(AUB).

e f(AUB)C f(A)U f(B). Take any y € f(A U B). Then there is x € AU B such
that y = f(x). Now z € AU B has two cases: x € A and = € B. In the first case we
have y € f(A) and in the second we have y € f(B). Therefore x € AU B implies

ye f(A)Uf(B). So f(AUB)C f(A)U f(B).
e f(A)U f(B)C f(AUB). Since A C AU B, application of Lemma 52 gives f(A) C
f(A U B). Application of the same lemma to B C AU B gives f(B) C f(AU B).
Therefore f(A)U f(B)C f(AUB).
c) Left as exercise.
d) We need to show f~1(SNT)C f~4S)N f~YT) and f~HS)N f~YT)C f~HSNT).
o fHSNT)C fAYS) N f~YT). As SN T C S, application of Lemma 52 gives
S NT)C f~1(S). The same lemma applied to SNT C T givesf~H(SNT)C
fYT). Therefore f~1(SNT)C f~4S)n f~YT).
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o [HS)NSTHT)CSFHSNT). Takeany x € f~1(S)N f~H(T). ASf‘( )N fHT)C
f7HS), we have z € f~1(S) so f(x) € S. On the other hand, f~ ( YN fT) C
f~HT) gives f(x) € T. Therefore f(x )6 SNT which means x € f~*(SNT). Thus
ends the proof for f=4(S)N f~XT)C f~4SNT).

e) Left as exercise.

f) Left as exercise. O

Exercise 21. Prove c), e), f) of the above theorem.
3.3. Composite functions and inverse functions.

Composite function.

Definition 55. (Composite function) Let f: A— B and g:C'+— D. If BC C, we can define the
composite function go f: A— D through

veeA  (gof)(x):=g(f(x)). (71)

Exercise 22. Let f(z)=sinz, g(x)=x? show that fog= go f.
Exercise 23. Prove that if fo(goh) is well-defined, so is (fo g) oh and furthermore fo(goh)=(fog)oh

Inverse function.
Given a function f: A— B, it is often necessary to understand the rule relating f(a) back to a,
that is is we would like to find a function g: B +— A such that

g(f(a))=a for every a € A; f(g(b)) =0 for every be B. (72)

Such a function is called an inverse function of f. However as we have seen, for general function
this is not possible. Now let’s see what extra conditions we need.

Remark 56. Note that in this course f~! always denotes the pre-image, not the inverse function.
More precisely, given f: A+ B, f~!is a function from the set of subsets of B to the set of subsets
of A, while the inverse function g, if it exists, is a function from B to A.

Definition 57. (one-to-one,onto,bijection) Let A, B be sets and f: A— B a function.
We say f is one-to-one if whenever f(a1) = f(a2), we have a3 = as.
We say that f is onto if for every b € B there exists a € A such that f(a)=
We say f is a bijection if it is both one-to-one and onto.

Example 58. Consider the following functions: A= B =1R,
filw)=2z+4; fo(x)=arctanz; f3(x)=sinz; folz)=223+22+122+4. (73)

Then f; is one-to-one and onto, fs is one-to-one but not onto, fs is neither, fy is onto but not one-
to-one. We give proof to the claim about f2 and leave others as exercise.
Proof of f3 being one-to-one but not onto.

To prove that fs is one-to-one, we need to show that whenever fa(a1) = fa(ag), we must have
a1 =as. One way to show this is through Fundamental Theorem of Calculus:

fa(az) — fa(ar) _/a2 fa(x) dﬂl?_/a2 ﬁdﬂl (74)

Now if az > ay, from the above we have fa(az) > fa(a1); If a2 <ai, we have fa(a2) < f2 (a1). Therefore
if f2(al) = f2(612), we must have a1 = as.
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To show that fs is not onto, all we need is a counter-example. That is all we need isone be B=R
such that there is no a € A=1R such that fa(a)=>. This is easy. For example b= 3.
Note 59. Is the following “proof” of f» being one-to-one correct?

If arctan a; = arctan ao, taking tan gives a; = ao.
Theorem 60. f has an inverse function if and only if f is a bijection.

Proof. We need to prove
f has an inverse function < f is a bijection. (75)
Recall that we need to prove = and <.

e —. Let g be an inverse function of f. As for every b€ B, f(g(b)) =b, f is onto. Now we
show f is one-to-one. Let f(a1)= f(a2). As g is a function, it maps f(a;)= f(a2) to a single
element in a:

a1=g(f(a1)) = g(f(a2)) = az. (76)

e <. Since f is a bijection, for every b € B there is a unique a € A such that f(a)=b. We define
g(b) =a. (77)

Thus automatically g(f(a)) =a. On the other hand, f(g(b)) = f(a)=5. So g is an inverse
function. O

Exercise 24. Let f: A— B be a function.

a) Assume there is a function g: B+— A such that (go f)(z) ==z for all z € A. Prove that f has an inverse
function and furthermore it is exactly g.3

b) Formulate a similar claim assuming existence of g with (fo g)(y) =y for all y € B, and prove your claim.

3.4. Functions with range IR.
For functions with range IR, that is for functions taking real values, we can talk about how “spread
out” the image is through the notion of supreme and infimum of sets of real numbers.

Definition 61. (Sup and Inf of functions) Let f: E— R be a function. We define

sup f(x):=sup f(E); inf f(z):=inf f(F). (78)
zelE rel

Example 62. supme(_m)g:2 =1, infxe(_m)xz =0.
Theorem 63. (sup and inf under operations of functions) Let f, g be functions with domains
containing £ CIR. Let c€R be a positive number. Then

a) supgeg (cf)=csupger f; infrep (c f) =cinfcpf;

b) supzep (—f)=—infeepf; infrep (—f) = —supzerf;

¢) supzer (f +9) <supzepf +supzerg;

d) infyep (f+g) = infoepf +inficpg.

The above holds even when the supreme/infimum is 0o or —oo.

3. This is an example of the following fact in group theory: if a has a left (or right) inverse, then it has an inverse.
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Proof. We only prove b), c) here. Other cases are left as exercise.

e b). We show sup,cg (—f)=—inf,cgf. Once this is done setting g= — f gives the other half.
Let a=inf,cpf (maybe —o00). We need to show

1. —a > —f(z) for all z € E. Since a = inf,cgf, by definition a < f(x) for all x € E.
Therefore —a> — f(z) for all x € E.

2. For any b € R satisfying b > — f(z) for all z € F, we have b > —a. Since b> — f(x) for
all z € E, we have —b< f(z) for all z € E. Since a=inf,cgf, a > —b. Therefore b > —a.

Note that the above argument still holds when a = —oc.

e c¢). Denote a = supzepf, b = supzepg, we need to show that a + b > f(z) + g(x) for all
x € E. If one of a,b is co, then we have a +b=00> f(z) + g(z) for all x € E4 If both a,
be R, take any x € E. We have a =supzepf > f(z) and b=supzcrg > g(z). Consequently
a+b> f(a)+g(a). -

Exercise 25. Prove a), d).

Example 64. The inequalities in c¢),d) may hold strictly. The reason is that the “peak” of f

and the “peak” of g may not be at the same location. For example, take f = 1 0<z<l and
1 l<z<2 0 elsewhere
= { 0 els\ewhere , we have supyeRrf =supzerg =1, but super (f+9)=1<1+1=2.
Remark 65. For more on functions, see [Sib09] Chapters 3, 4.
3.5. Important functions.
Absolute value.
Definition 66. (Absolute value function) The function |-|: R— R is defined through
T ifx>0
x|:= ; . 79
2] { r ifx<0 (79)
Exercise 26. Let z,y € R. Prove the following
a) |z|=0<=2=0;
b) |zy|=|z[lyl;
o) [lzl=lyll <lz+yl < |z[+ |yl
Exercise 27. Let zy,...,x, € R. Prove
@1+ -+ | < J21] + . (80)
Max and Min.
Exercise 28. Let x € R. Prove that
|| =max {z,—x}. (81)
Exercise 29. Let x,y € R. Prove that
_rty lz—yl ; _rty |-y
max {z,y} = Y VL i,y =2 = (82)

Odd and Even functions.

4. Note that by definition sup can only be real number or oo, while inf can only be real number or —oco.
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Definition 67. A function f: E CR— R is odd if and only if
VeeE  f(z)=—f(-=) (83)

It is even if and only if
Vee E f(z)= f(—x). (84)

Remark 68. From the above it is clear that E cannot be arbitrary, it has to satisfy

(reF)=(—x€ k). (85)
Monotone functions.

Definition 69. A function f: E CR— R is

e increasing if and only if

v,y €E, x<y= f(z)< f(y); (86)
e strictly increasing if and only if

z,y€E, 1 <y= f(z)<[f(y); (87)
e decreasing if and only if

z,y€E, x<y= f(z)> f(y); (88)
e strictly decreasing if and only if

r,yeE, x<y= f(z)> f(y); (89)

monotone if it is either increasing or decreasing.

Exercise 30. Prove that if f is strictly increasing, then it is one-to-one. What if f is only increasing?

Periodic functions.
Definition 70. A function f:R+— R is said to be periodic, if and only if there is L >0 such that

fla)=f(z+1L) (90)
holds for all x € R. Such L is called a “period” of f.

Exercise 31. Prove that a periodic function f always have infinitely many periods.

Remark 71. Often, among the infinitely many periods of f, there is a smallest one. In this case,
when we talk about “the period of the function f”, we are referring to this smallest period.

Exercise 32. What are the periods for sinz,cos3x,tan 5 x?
Exercise 33. Let f:R+— R be a periodic function and define the set A to be its periods, that is
A:={L>0| f(z)= f(z+ L) for all z€R}. (91)
Let T:=inf A.
a) Prove that if >0, then A={nT|n €N}, that is any other period is a multiple of T

b) Consider the Dirichlet function

D(x)::{(l) z;g (92)

Prove that it is periodic but without smallest period.
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A few more words about the definition of A — B.

The definition for the logical statement A= B as false only when A is true and B is false is a
bit puzzling. The following may help.>

Consider the claim

If it rains, then I will bring an umbrella.

So here A =it rains, and B =1 bring an umbrella. It is natural to write the above as A— B.
Now we consider, among the following four situations, which makes the claim false:

1. A true and B true: It rains, and I brought an umbrella;

2. A true and B false: It rains, and I didn’t bring an umbrella;

3. A false and B true: It didn’t rain, but I still brought an umbrella;
4. A false and B false: It didn’t rain, and I didn’t bring an umbrella.

I hope everyone agrees that the only situation that makes the original claim false is 2.
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