PRECALCULUS
TOPIC 1: SETS AND FUNCTIONS

PAUL L. BAILEY

1. SETS AND ELEMENTS

A set is a collection of elements. The elements of a set are sometimes called
members or points. We assume that we can distinguish between different elements,
and that we can determine whether or not a given element is in a given set.

The relationship of two elements a and b being the same is equality and is denoted
a = b. The negation of this relation is denoted a # b, that is, a # b means that it
is not the case that a = b.

The relationship of an element a being a member of a set A is containment and
is denoted a € A. The negation of this relation is denoted b ¢ A, that is, b ¢ A
means that it is not the case that b € A.

A set is determined by the elements it contains. That is, two sets are considered
equal if and only if they contain the same elements. We use the symbols “=" to
mean “implies”, and “<” to mean “if and only if”. Then

A=B & (a€Asac€B)

in English, “A equals B if and only if (a is in A if and only if b is in B)”.

Thus we should not think of a set as a “container”, but rather as the things being
contained. For example, consider a glass of water, and the set of water molecules
in the glass. If we pour all of the water into an empty bowl, the bowl now contains
the same set of water molecules.

One way of describing a set is by explicitly listing its members. Such lists are
surrounded by braces, e.g., the set of the first five prime integers is {2,3,5,7,11}.
If the pattern is clear, we may use dots; for example, to label the set of all prime
numbers as P, we may write P = {2,3,5,7,11,13,...}. Thus 2 € P and 23 € P,
but 1 ¢ P and 21 ¢ P. As another example, if we denote the set of all integers by Z,
we may write Z = {...,—3,-2,-1,0,1,2,3,... }. Note that the order of elements in
a list is irrelevant in determining a set, for example, {5,3,7,11,2} = {2,3,5,7,11}.
Also, there is no such thing as the “multiplicity” of an element in a set, for example
{]‘7 37 2’ 2’ 1} = {1’ 2’ 3}'

2. SUBSETS

If A and B are sets and all of the elements in A are also contained in B, we say
that A is a subset of B or that A is contained in B and write A C B:

ACB & (a€A=acB)

in English, “A is contained in B if and only (a is in A implies a is in B)”.
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For example, {1,3,5} C {1,2,3,4,5}. Note that any set is a subset of itself. We
say that A is a proper subset of B is A C B but A # B.
It follows immediately from the definition of subset that

A=B & (ACBandBCA);

in English, “A equals B if and only if (A is a subset of B and B is a subset of A).”
Thus to show that two sets are equal, it suffices to show that each is contained
in the other.
A set containing no elements is called the empty set and is denoted @. Since a
set is determined by its elements, there is only one empty set. Note that the empty
set is a subset of any set.

3. SET OPERATIONS

We may construct new sets as subsets of existing sets by specifying properties.
Specifically, we may have a proposition p(z) which is true for some elements x in a
set X and not true for others. Then we may construct the set

{z € X | p(z) is true};

this is read “the set of z in X such that p(x)”. The construction of this set is called
specification. For example, if we let Z be the set of integers, the set P of all prime
numbers could be specified as P = {n € Z | n is prime}.

Let A and B be subsets of some “universal set” U and define the following set
operations:

Union: AUB={zeU|z€ Aorz e B}
Intersection: ANB={zxe€U|x € Aandx € B}
Complement: ANB={zecU|xecAand z ¢ B}

The pictures which correspond to these operations are called Venn diagrams.

Example 1. Let A = {1,3,5,7,9}, B = {1,2,3,4,5}. Then AN B = {1,3,5},
AUB=1{1,2,3,4,5,7,9}, AN B={7,9}, and B~ A ={2,4}. O

Example 2. Let A and B be two distinct nonparallel lines in a plane. We may
consider A and B as sets of points. Their intersection is a set containing a sin-
gle point, their union is a set consisting of all points on crossing lines, and the
complement of A with respect to B is A minus the point of intersection. [

If An B = g, we say that A and B are disjoint.

Example 3. A sphere is the set of points in space equidistant from a given point,
called its center; the common distance to the center is called that radius of the
sphere. Thus a sphere is the surface of a solid ball.

Take two points in space such that the distance between them is 10, and imagine
two spheres centered at these points. Let one of the spheres have radius 5. If the
radius of the other sphere is less than 5 or greater than 15, then the spheres are
disjoint. If the radius of the other sphere is exactly 5 or 15, the intersection is a
single point. If the radius of the other sphere is between 5 and 15, the spheres
intersect in a circle. [J



The following properties are sometimes useful.
A=AUA=ANA

e JNA=0O
e JUA=A
e ACB&ANB=4A
e ACB& AUB=B

The following properties state that union and intersection are commutative and
associative operations, and that they distribute over each other. These properties
are intuitively clear via Venn diagrams.

e ANB=BnNA
AUB=BUA
(AnB)NC=An(BNCQC)
(AuUB)UC =AU (BUCQC)
(AuB)NC=(ANnC)u(BNC(C)
(AnB)UC=(AUC)N(BUCQC)

Since (ANB)NC = AN(BNC), parentheses are useless and we write ANBNC.
This extends to four sets, five sets, and so on. Similar remarks apply to unions.

The following properties of complement are known as DeMorgan’s Laws. You
should draw Venn diagrams of these situations to convince yourself that these prop-
erties are true.

e AN(BUC)=(ANB)N(ANC)
e AN(BNC)=(ANB)U(ANC)

Here are a few more properties of complement:
ACB=AU(B\A)=B;
ACB=AN(BNA) =g;
AN(BNC)=(ANB)U(ANBNCQC);
(ANB)NC=A~(BUCQ).

4. CARTESIAN PrRODUCT

Let a and b be elements. The ordered pair of a and b is denoted (a,b) and is

defined as

(a,b) = {{a},{a,b}}.
This is the technical definition; think about how it relates to the intuitive approach
below.

Intuitively, if @ and b are elements, the ordered pair with first coordinate a and
second coordinate b is something like a set containing a and b, but in such a way
that the order matters. We denote this ordered pair by (a,b) and declare that it
has the following “defining property”:

(a,b) =(¢,d) & (a=candb=d).

The cartesian product of the sets A and B is denoted A x B and is defined to
be the set of all ordered pairs whose first coordinate is in A and whose second

coordinate is in B:
Ax B={(a,b) |ac Abe B}.



Example 4. Let A= {1,3,5} and let B = {1,4}. Then
Ax B=1{(1,1),(1,4),(3,1),(3,4),(5,1),(5,4)}.
In particular, this set contains 6 elements. [J

In general, if A contains m elements and B contains n elements, where m and n
are natural numbers, then A x B contains mn elements. Consider the case where
A = B; then A x A contains m? elements. We sometimes write A% to mean A x A.

We have the following properties:

(AUB)x C=(AxC)U (B xC);
(ANB)xC=(AxC)N (B xC);
Ax (BUC)=(Ax B)U(AxC);
Ax(BNC)=(AxB)N(AxC);
(ANB)x (CND)=(AxC)N (B x D).

5. NUMBERS

5.1. Standard Sets of Numbers. The following familiar sets of numbers have
standard names:

Natural Numbers: N={1,2,3,...}
Integers: Z=A{..,-2,-1,0,1,2,...}

Rational Numbers: Q= {g | p,q € Z,q # 0}

Real Numbers: R = { numbers given by decimal expansions }
Complex Numbers: C={a+ib|a,bcRandi*=—1}

Wehave NCZ cCcQcCc R cC.

The natural numbers were invented to count. The integers were formed from
the natural numbers to allow subtraction. The rational numbers were formed from
the integers to allow division. The real numbers were formed from the rational
numbers for geometric reasons; the set of real numbers models a line. The complex
numbers were formed from the real numbers to solve quadratic equations.

5.2. Connected Subsets of R. Since the set R of real numbers form a line, it is
important to identify those subsets of R which form connected pieces of the line.
These pieces may or may not contain the endpoints. In order to speak about this
precisely, we formulate a formal definition of the quality of being connected. Here,
we look for some essential attribute of connectedness for a piece of a line which
is easy to write in mathematical terms. We wish to say that a piece of a line is
connected in it has no holes in it; we reword this to say that whenever to numbers
are in a connected piece, then every number between them is in the connected piece.



A subset A C R is connected if for every a,b € A and ¢ € R, we have
a<c<b = ceA.

An interval is a connected subset of R which contains at least two elements.
All intervals are one of the following types:

o [a,b] ={z €R|a <z <b} (closed)
o (a,b) ={zeR|a<z<b} (open)
o [a,b)={zeR|a<z<b}

o (a,b)={zeR|a<z<b}

o (—o0,b ={x €R |z < b} (closed)
o (—00,b) ={z € R |z < b} (open)
o [a,00) ={z € R|a <z} (closed)
e (a,00)={z €R|a<z} (open)

e (—00,00) =R (open and closed)

Example 5. Let A = [1, 5] be the closed interval of real numbers between 1 and 5
and let B = (10,16) be the open interval of real numbers between 10 and 16. Let
C = AUB. Let N be the set of natural numbers. How many elements are in C N"N?

Solution. We know that
CNN=(AUB)NN=(ANN)U(BNN).

Now A NN is the set of natural numbers between 1 and 5, inclusive, so ANN =
{1,2,3,4,5}. Also, BNN is the set of natural number between 10 and 16, exclusive,
so BNN = {11,12,13,14,15}. Now C' NN is the union of these set, so CNN =
{1,2,3,4,5,11,12,13,14,15}. Therefore C NN has 10 elements. |

Example 6. Let A = [1,4] and B = [3,8) be intervals of real numbers. We will
see how to view A x B as a square in the cartesian plane R? which has a boundary
on three sides but not of the fourth. How many elements are in (A x B)N(Z x Z)?

Solution. By a previously stated property of cartesian product, we have
(AxB)N(Zx2Z)=(ANZ)x (BNZ).

Now A x Z = {1,2,3,4} and B x Z = {3,4,5,6,7}. Thus (A x B)N(Z x Z) has
4 -5 = 20 elements. O

Warning 1. The notation for ordered pair (a,b) is the same as the standard
notation for open interval of real numbers, but its meaning is entirely different.
This is standard, and you must decide from the context which meaning is intended.

Example 7. Let A = [1,8], B = (5,9) and C = {5,6,7}. Express each set as an
interval or as a union of disjoint intervals.

(a) BUC

(b) AN B

(c) (AnB)\C

Solution. Follow the definitions, and draw a picture.
() ANB={zecR|1<z<8notb<z<9t={reR|1<z<5}=][L5].
(b)) BUC={zeR|5<z<9andzish6, or 7} ={6,7}.
(c) AnNB={zreR|1<z<8ouab<z<9}={zecR|1<z<9}=]19).
Thus (ANB)NC =[1,9)\C=[1,5)U(5,6)U(6,7)U(7,9). O



6. FUNCTIONS

Let A and B be sets. A function from A to B is a subset f C A x B of the
cartesian product of A with B such that for every a € A there exists a unique b € B
with (a,b) € f. This is the technical definition; think about how it relates to the
intuitive approach below.

Intuitively, a function from a set A to a set B is an assignment of every element
in A to some element in B. Another way of describing this is that we think of
a function as a kind of vehicle, something which sends each element of A to an
element of B. If we think of elements as the nouns of set theory and sets as the
adjectives (an element has a property if it is in the set of things with that property),
then we may think of functions as the verbs.

We will study many familiar examples of functions from the set of real num-
bers into itself, for example, polynomial functions, rational functions, trigonometric
functions, exponent functions, and logarithmic functions. We will also see functions
from A to B where A and B are not necessarily sets of real numbers. It is essential
in mathematics, and useful as a way of thinking in general, to expand our view of
functions so that they can send elements from any set to any other set.

Let f be a function from A to B. If a € A, the element of B to which a is
assigned by f is denoted f(a); in other words, the place in B to which a is sent by
f is denoted f(a). We declare that a function must satisfy the following “defining
property”:

for every a € A there exists a unique b € B such that f(a) = b.
If f is a function from A to B, this fact is denoted
f:A— B.

We say that f maps A into B, and that f is a function on A. For this reason,
functions are sometimes called maps or mappings. If f(a) = b, we say that a is
mapped to b by f. We may indicate this by writing a — b.

Two functions f : A — B and g : A — B are considered equal if they act the
same way on every element of A:

f=9 & (aeA= f(a)=g(a)).
Thus to show that two functions f and g are equal, select an arbitrary element
a € A and show that f(a) = g(a).

If A is sufficiently small, we may explicitly describe the function by listing the
elements of A and where they go; for example, if A = {1,2,3} and B = R, a
perfectly good function is described by {1 + 23.432,2 — 7,3 +— /593}.

However, if A is large, the functions which are easiest to understand are those

which are specified by some rule or algorithm. The common functions of single
variable calculus are of this nature.

Example 8. The following can be functions from R into R:
o f(z) =0;
o f(z) =1
o f(z)=a3+ 3z +17.
The following can be functions from the set of positive real numbers into R:
o flz)=1;
. fla) = Va.
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Note that % is not a function from R into R, because it is not defined at x = 0. [
Some functions are constructed from existing functions by specifying cases.

Example 9. Let R be the set of real numbers. Define f : R — R by

f(x)_{:v2+2 if © < 0;

-1 if z > 0.
Then, for example, f(—2) = (-2)2+2=6and f(2)=2>-1=7. 0

Example 10. Let X be a set and let A C X. The characteristic function of A in
X is a function x4 : X — {0,1} defined by

{Oif:z:géA;

Xalt) =9 e al

In particular, let X = [0,1] C R be the closed unit interval and let A = QN X be
the set of rational numbers in this interval. Think about the graph of the function
XA- O

Example 11. Suppose we designed a computer system that records information
on patients in a hospital. Each patient is assigned a number upon admission, which
is just the next available number, starting with zero. We create a program which
allows the user to type a working diagnosis of up to 60 characters or less for this
patient, and file this information under the patient number. We only allow the
user to type capital letters, spaces, commas, and periods in this diagnosis. Trailing
spaces in the diagnosis are automatically removed. The file may be viewed as a
function

DIAG((patient number) = “patient diagnosis”;

here, DIAG : N — B, where B is the set of all possible strings of allowed characters
with length less than or equal to 60 and no trailing spaces. The size of B is 2950
(why?). O

7. IMAGES AND PREIMAGES

If f: A— B, the set A is called the domain of the function and the set B is
called the codomain. We often think of a function as taking the domain A and
placing it in the codomain B. However, when it does so, we must realize that more
than one element of A can be sent to a given element in B, and that there may be
some elements in B to which no elements of A are sent.

If a € A, the image of a under f is f(a).

If b € B, the preimage of b is a subset of A given by

1) ={a€ A f(a) =b}.
If C C A, we define the image of C under f to be the set
f(C)={be B f(a) = b for some a € A}.

The image of the domain is called the range of the function.
If D C B, we define the preimage of D under f to be the set

f7H(D)={a€ A| f(a) € D}.



Notice that f~1(b) is not necessarily a singleton subset of A. For example, if
f:R — Ris given by f(x) = 22, then the preimage of the point 4 is

H4) ={2,-2}.
A function f: A — B is called surjective (or onto) if
for every b € B there exists a € A such that f(a) =b

Equivalently, f is surjective if f(A) = B. This says that every element in B is “hit”
by some element from A.
A function f: A — B is called injective (or one-to-one) if

f(al) = f(ag) = a1 = a9.
Equivalently, f is injective if for all b € B, f~1(b) contains at most one element in
A.
A function f : A — B is called bijective if it is both injective and surjective. Such

a function sets up a correspondence between the elements of A and the elements of
B.

Example 12. First we consider “real-valued functions of a real variable”. This

simply means that the domain and the codomain of the function are subsets of R.
o f(x)= a: is bijective;

glx) = m is nelther injective nor surjective;

h(z) = x? — x + 2 is surjective but not injective;

e(z) = 29” is 1IlJ€Ct1V€ but not surjective.

Let A= {—17 1, 2}. Some of the images and preimages of A are:

Example 13. Let N be the set of natural numbers and let Z be the set of integers.
The function f : Z — 7Z given by n — 2n is injective but not surjective.

The function g : Z — N given by n — v/n? is surjective but not injective. The
preimage of 5 € N under g is {5, 5}.

The function h : Z — Z given by n — —n is bijective. [

Example 14. Let A be the set of all animals in a zoo and let B be the set of all
species of animals on earth. Then we obtain a function f : A — B by defining
f(a) = b, where the species of animal a is b. This function is surjective only if this
is an unbelievably excellent (and large) zoo, for this would mean it has at least one
animal of every species on earth. It is injective only if every animal is very lonely,
for this would mean that the zoo contains at most one animal of a given species.

However, a function which assigns to every animal on Noah’s Ark its species
would be surjective but not injective, since he had two of every kind. Such a
function is sometimes called “two-to-one”. [J

Example 15. If DIAG is a function which assigns to a patient his diagnosis, then
DIAG is injective unless two patients have the same diagnosis. For this function to
be surjective, we must have admitted at least 29%° patients. O]



8. COMPOSITION OF FUNCTIONS

Let A, B, and C be sets and let f : A — B and g : B — C. The composition of
f and g is the function
gof:A—=C
given by
go fla) =g(f(a)).
The domain of go f is A and the codomain is C. The range of go f is the image
under g of the image under f of the domain of f.

Example 16. Let A be the set of living things on earth, B the set of species, and
C be the set of positive real numbers. Let f : A — B assign each living thing to
its species, and let g : B — C assign each species to its average mass. Then go f
guesses the mass of a living thing. [

Proposition 1. Let f: A — B and g: B — C be surjective functions.
Then go f: A — C is an surjective function.

Proposition 2. Let f: A — B and g : B — C be injective functions.
Then go f: A — C is an injective function.

Example 17. Let f : R — R be given by f(x) = 22 and let g : R — R be given by
g(r) =2 —9. Then go f : R — R is given by go f(z) =2? -9 and fog: R — R
is given by fog(x) =22 —62+9. O

This example demonstrates that composition of functions is not a commutative
operation. However, the next proposition tells us that composition of functions is
associative.

Proposition 3. Let A, B, C, and D be sets and let f : A — B, g: B — C, and
h:C — D be functions. Then ho(go f)=(hog)o f.

9. RESTRICTIONS, IDENTITIES, AND INVERSES

Let f : X — Y be a function and let Z = f(X) be the range of f. The same
function f can be viewed as a function f : X — Z. It is standard in this case to
call the function, viewed in this way, by the same name. Note that the function
f X — Z is surjective. Thus any function is a surjective function onto its range.

Let f: X — Y be a function and let A C X be a subset of the domain of f.
The restriction of f to A is a function

flar A=Y given by f |4 (a) = f(a).
Thus given any function and any subset of the domain, there is a function which
coincides with the original one, but whose domain is the subset. For example, the
function f : R — R given by f(x) = 22 can certainly be viewed as a function on
the integers, sending each integer to its square.

Let A be any set. The identity function on A if the function id4 : A — A given
by id4(a) = a for every a € A. Thus the identity function on A is that function
which does nothing to A. The identity function has the property that if g : A — C,
then goidy =g, and if h: D — A, then idg o h = h.

Let f : A — B be a function. We say that f is invertible if there exists a function
g: B — A such that go f =id and fog =idpg. In this case we call g the inverse
of f. The inverse of a function f is often denoted f~1.
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10. EXERCISES

Exercise 1. Let A, B, and C be the following subsets of N:
A={neN|n <25}

E={necAl|niseven},

O={necA|nisodd};

P ={ne€ A|nis prime};

S ={ne€ A|nisasquare};

Compute the following sets.
(a) (PUS)NO
(b) (ENS)UP
(c) (ONS)x(ENS)

Exercise 2. Let A =10,5], B=(2,7), C = (6,9), and D = {1, 3,4,7}. Express
each set as an interval or as a union of disjoint intervals.

(a) AnB

(b) (AUC)\ B

(c) (AuC)~\D

(d) Bu(CnD)

(e) (AnBYUC

Exercise 3. Draw Venn diagrams which demonstrate the following equations.
(a) AN(BUC)=(ANB)U(ANC)
(b) AU(BNC)=(AuB)N(AUC)
() AN(BUO)=(A~NB)N(ANCO)
(d) AN(BNnC (ANB)U(ANC)

Exercise 4. Let A and B be subsets of a set U. The symmetric difference of A
and B, denoted AAB, is the set of points in U which are in either A or B but not
in both.

(a) Draw a Venn diagram describing AAB.
(b) Find two set expressions which could be used to define AAB. These ex-
pressions may use A, B, union, intersection, complement, and parentheses,

)=
)=
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Exercise 5. Let P be the set of people who ever lived. Which of the following are
functions from P to P?

(a) {(a,b) € P x P |bis a father of a}

(b) {(a,b) € P x P |ais a father of b}

(c) {(a,b) € P x P|bis a grandmother of a}

(d) {(a,b) € P x P|bis a youngest son of the paternal grandmother of a}
(e) {(a,b) € P x P |bis ayoungest son of the maternal grandmother of a}

o~ o~~~

Exercise 6. Let N be the set of natural numbers and let Z be the integers. Find
examples of functions f : Z — N such that:

(a) f is bijective;

(b) f is injective but not surjective;

(c) f is surjective but not injective;

(d) f is neither injective nor surjective.

Exercise 7. Let N be the set of natural numbers. Let A = [50,70] N N. Define
a function f : N — N by f(n) = 3n. Note that A is in both the domain and the
codomain of f.

(a) Find the image f(A).

(b) Find the preimage f~1(A).

(c) Is f injective? Is f surjective?

Exercise 8. Let f: R — R be given by f(z) = 23 — 622 + 11z — 3. Find f~1(3).

Exercise 9. We would like to define a function f : Z x Z — Q by (p,q) — %.
Unfortunately, this does not make sense. Fix the problem, so that the resulting

function is surjective but not injective.

Exercise 10. We would like to define a function f : Q — Z by % — pq. Unfortu-
nately, this is not “well-defined”. Figure out what this means and fix the problem.
Is the resulting function injective?

Exercise 11. Let f : X — Y be a function and let A,B C X and C,D C Y.
Which of the following statements are true? If the statement is false, attempt to
construct a counterexample.

(a) f(AUB)C f(A)U f(B)

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

(c) f(ANB)C f(A)N [f(B)

(d) f(ANB) = f(A)N f(B)

(e) f7H(CUD)=fHC)U (D)

(£) f7HCNnD)=f"HC)N f(D)

Exercise 12. Let f : X — Y be a function. Which of the following statements are
true?

o~~~ o~

(a) f is surjective if and only if there exists g : Y — X such that f o g =idy.
(b) f is injective if and only if there exists g : Y — X such that go f =idx.
Exercise 13. Let X be a set containing m elements and let Y be a set containing

n elements. How many functions are there from X to Y? How many bijective
functions are there from X to Y7
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