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Chapter 1

Number Systems

In this chapter we study the basic arithmetic and algebraic properties of the familiar number systems
the integers, rational numbers, real numbers, and the possibly less familiar complex numbers. We
will consider which algebraic properties these number systems have in common as well as the ways
in which they differ.

We will use the following notation to denote sets of numbers.

N = {1,2,3,...} = Natural Numbers
= {0,41,+2,43,...} = Integers
{% ) a,beZ,b+# O} = Rational Numbers

= Real Numbers

a =% O N
I

= Complex Numbers

1.1 The Basic Number Systems

The first numbers anyone learns about are the “counting numbers” or natural numbers 1,2, 3, .. .,
which we will denote by N. We eventually learn about the basic operations of addition and mul-
tiplication of natural numbers. These operations are examples of binary operations, that is,
operations that combine any two natural numbers to obtain another natural number. Addition
and multiplication of natural numbers satisfy some very nice properties, such as commutativity,
associativity, and the distributive law, which we will study more formally in a later section.

The other familiar arithmetic operations of subtraction and division are really just the “in-
verse operations” of addition and multiplication, and will not be considered as basic operations.
(Although multiplication of natural numbers is really just repeated addition, this is a much less
obvious interpretation in other number systems.) If we only wish to consider the natural numbers,
we quickly encounter problems with subtraction and division. These operations can be performed
on pairs of natural numbers only in some cases. For example, 3 — 5 and 3 <+ 5 are not natural
numbers.

In order to be able to subtract, we introduce the number 0 and the “negatives” of the natural
numbers to obtain the set of integers Z = {...,—3,-2,-1,0,1,2,3,...}. The number 0 acts as a
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neutral element or identity element for addition, because for any integer a, a +0 = a. The negative
of any integer a acts as an inverse for a relative to addition, because a + (—a) = 0.

Of course, thinking of 0 and —a in terms of addition leads to some interesting questions. Why
is 0 times any number equal to 07 Why is the product of two negative numbers a positive number?
More generally, what does multiplication by a negative number really mean? Is it still repeated
addition? We will return to these questions later.

The operations of addition and multiplication in 7Z still satisfy the same properties as in the set
of natural numbers N, but Z has an identity element and inverses for addition. This allows us to
subtract any integer from any other and obtain another integer.

Division can still only be performed on certain pairs of integers, however. Although the number 1
acts as a neutral element or identity element for multiplication in Z, since 1-a = a for every
integer a, the set Z does not have inverses relative to multiplication for most of its elements. In
order to be able to divide, we must introduce fractions and obtain the set Q of rational numbers,
with operations defined as follows.

Definition 1.1.1 The set Q of rational numbers is the set of all quotients of integers (i.e.,
fractions),

Q:{%’a,bez,b;«é()},

and we define

CL/

i. %:gifand only if abl = bad’,
. a ¢ ad+bec

Ty Td T bd

.. a ¢ _ac

i, oo =

Note that since a = 7 for an integer a, every integer is also a rational number and we have Z C Q.
The operations of addition and multiplication in Q still satisfy all of the properties as in the set of
integers Z.

If ¢ # 0 is a rational number, say ¢ = ¢, then a # 0, and r = b is also a rational number. Since

a

= — = =
q ba )

a é_ab_
b a

the rational number g is an inverse for § relative to multiplication. That is, if ¢ = 7 # 0 is a

rational number, the multiplicative inverse of ¢ is ¢~ = 2, the reciprocal of q.

A proper construction of the set R of real numbers requires tools from analysis beyond the
scope of this text. A less rigorous description of R in terms of decimal expansions will suffice for
our purposes. We will first recall the basics of decimal expansions and discuss decimal expansions
of rational numbers.

A positive integer m can always be written in its decimal form and expressed as a sum of

multiples of non-negative powers of 10:

m = NENk_1...NaNINY = Nk 10* +ng_q - 10F 1 ... +ng - 10% + nq - 10" + ng - 10°.
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Similarly, a positive number r < 1 with a terminating decimal expansion can be written as a sum
of multiples of negative powers of 10:

r=0.dydy...dg1dp =dy 10" +dy- 1072+ +dp_qy - 10-* D 4 g, . 1075,

If the decimal expansion does not terminate, then r is an “infinite sum” of multiples of negative
powers of 10:
r=0.didsds...=dy - 107" +dp- 1072 +d3- 107+ -

In general, a (real) number can be written as a finite sum of multiples of non-negative powers of 10
plus a (possibly) infinite sum of multiples of negative powers of 10, and the coefficients in this sum
are the digits in the decimal expansion of the number.

You may recall that the set of rational numbers defined in Definition 1.1.1 can also be described
in terms of decimal expansions. The rational numbers are precisely those (real) numbers with ter-
minating or repeating decimal expansions. For example, 3/8 = 0.375 or 9/7 = 1.285714285714 ... =
1.285714. In order to verify this characterization of rational numbers, we must show that if 7 is
any rational number, then the decimal expansion of 7 either terminates or is a repeating decimal,
and that every terminating or repeating decimal is the decimal expansion of a rational number ¢.

We will first verify that every rational number ¢ has either a terminating or repeating decimal
expansion. First note that we may assume 3 is positive and a < b. (Why?) The decimal expansion
of 7 is obtained by performing the long division a = b.

In the algorithm for long division, we place a decimal point to the right of @ and append just
enough zeros to obtain a number larger than a (without the decimal). We then divide, placing the
quotient above the division sign and obtaining a remainder r with 0 < r < b. (This is possible by
the Division Algorithm, which we will study formally in §2.3.) The algorithm is then repeated to
divide r by b and so on, as demonstrated for 3 + 17 in the following example:

0. 1 7 6 4
17)3. 0
1 7
1 3 0
1 1 9
110
1 0 2
8 0

The boldface numbers in the example are the remainders.
If a remainder of 0 is obtained at some stage, then the decimal expansion terminates, as for %:

0. 3 7 5
8)3. 0
2 4
6 0
5 6
4 0
4 0
0

If the remainder is never zero, then each remainder r satisfies 1 < r < b — 1. Thus there are only
finitely many different possible remainders, and at some point a remainder must repeat. Once a
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remainder repeats, the same sequence of quotients and remainders must repeat forever, and the
decimal expansion is repeating, as for %:

0.1 2 96 2 9 6
54)7. 0
5 4
1 6 0
1 0 8
5 2 0
4 8 6
3 4 0
3 2 4
1 6 0
1 0 8
5 2 0
4 8 6
3 4 0
3 2 4
1 6

Notice that 16 is the first remainder to repeat in this example and the corresponding quotient, 2,
is the start of the repeating decimal.

Exploration: Under what conditions on a fraction a/b in lowest terms will the decimal expansion
be terminating? Investigate this question by searching in number theory texts or Internet sources.

Conversely, we must verify that every terminating or repeating decimal expansion is the decimal
expansion of a rational number. Again, we may assume the decimal number is positive and less
than one. (Why?) A terminating decimal with k& decimal places, say .dyds . . .d, can be written as
the fraction

dids ... dg

10k
We say that the period of a repeating decimal is k if the length of the shortest repeating
sequence of digits is k. For example, the period of 0.454545... = 0.45 is 2 and the period of

0.1234563456 ... = 0.123456 is 4.
A repeating decimal of period k, say

R = 0.d1d2 e dj?”lTQ oo Tk,

can be expressed as a fraction, that is, a rational number, as follows. First, multiply R by 10* to
obtain 10¥R. This has the effect of moving the decimal point k places to the right, or equivalently,
shifting the digits of R k places to the left. Because the period of R is k, the digits of R and 10*R
will be the same after some decimal place. Thus the number

10FR — R = (10 —1)R
will be a terminating decimal, hence equal to some fraction 7. Therefore (10¥ — 1)R = T and
T

T 10k -1
is a rational number.
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Example: Write the repeating decimal R = 0.12345345 ... = 0.12345 as a fraction.
The period of R is 3, so we calculate 103R = 1000R:

R = 0.12345345
1000R = 123.45345345,
thus
1000R — R = 999R = 123.33 = 12333
100
and so

12333 12333 4111
©999-100 99900 33300

0

The set R of real numbers consists of all possible decimal expansions. We have shown that
the rational numbers are precisely those real numbers with either terminating or repeating dec-
imal expansions. As there are clearly decimal expansions that are not repeating (for example,
0.01011011101111...), not all real numbers are rational. Those real numbers that do not have
terminating or repeating decimal expansions, and therefore are not rational, are called irrational
numbers. Thus R consists of the rational numbers along with the irrational numbers.

The irrational numbers are real numbers that cannot be expressed as a quotient of two integers.
Some well-known examples of irrational numbers are v/2, e, and 7, but there are many others. In
fact, in a sense that can be made precise, most real numbers are irrational.

For computational purposes, we usually approximate irrational numbers by rational numbers.
For example, your calculator probably uses the approximation 3.141592654 (a rational number)
for 7 in calculations.

This approximation is sufficiently accurate for most purposes, but m, or any other irrational
number, can be approximated to within any desired degree of accuracy by a rational number.
Probably the easiest way to see this is to note that truncating the decimal expansion of the irrational
number results in a terminating decimal, hence a rational number, and the greater the number of
decimal places used, the closer the approximation will be.

In particular, if I is an irrational number and R is the rational number obtained by using the
digits of I to the left of the decimal and the first k£ digits of I to the right of the decimal, then
0 < I—R < 107%. Thus R approximates I to within 10~*. For example, if R = 3.141592653589793,
then

0 < m— R < 107" = 0.000000000000001.

Finally, we note that it is not possible to determine whether a number is rational or irrational
from any terminating decimal approximation. For example, a calculator with a 10-digit display
will show e = 2.718281828, which certainly appears to be a repeating decimal, although e is in fact
irrational. (The next digit in the decimal expansion of e is 4.) On the other hand, the calculator
shows 1/17 =~ .0588235294, which shows no evidence of repetition, although 1/17 is clearly rational.
To verify that a given number [ is irrational, it is necessary to prove that there cannot be integers a
and b such that I = a/b.



CHAPTER 1. NUMBER SYSTEMS

§1.1 Exercises

. Use long division to find the repeating decimal expansion of the following rational numbers.
Show your work on the long division.

5 17
(a) ﬁ (C) ﬁ
) @ >

. Convert the following repeating decimal expansions to fractions in lowest terms.

(a) 0.393939...=0.39

(b) 4.302302302. .. = 4.302

(c) 57.13478478478 ... = 57.13478

(d) 102.102537253725372... = 102.1025372

. Show that 1 = 0.999999... = 0.9.
. Explain why the period of a rational number a/b with a repeating decimal is at most b — 1.

. By Definition 1.1.1, two fractions § and ‘g—/l are equal if and only if ab’ = ba’. Show that if

’ /

7 =% and § =%, then
a ¢ d (¢ . ad+bc dd+UVd
(a)gng:ﬁ—i_j’thatls’ - bd and
a ¢ da ¢ ac adc
b) -+ —-—=—.—, that is, — = —.
O A Y

(This exercise shows that addition and multiplication of rational numbers are “well-defined,”
so that the sum or product of two rational numbers does not depend on the particular
representation of the numbers as fractions.)

. Write a paragraph with your explanation to a middle school or high school student as to
why 0 times any number is 0.

. Write a paragraph with your explanation to a middle school or high school student as to why
the product of two negative numbers is a positive number.
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1.2 Complex Numbers
In this section we introduce the arithmetic and geometry of complex numbers.

Definition 1.2.1 The set C of complex numbers is the set of symbols a + bi, where a and b are
real numbers, and we define:

i.a+bi=c+di if and only if a = c and b =d,
ii. (a4 bi)+ (c+di) = (a+c)+ (b+d)i,
iii. (a+bi)- (c+di) = (ac — bd) + (ad + be)i.

Note that the definition of multiplication implies (with @ = ¢ = 0, b = d = 1) that 2 = —1.
Therefore we think of 7 as the square root of —1. Of course (—i)? = —1 as well, so we define i = /—1,
the principal square root of —1. If ¢ is a positive real number, we also define /—c = /c - .

With the convention that i = —1, multiplication of complex numbers follows the usual rules
for multiplying binomials:

(a+ bi) - (¢ + di) = ac + adi + bei + bdi? = (ac — bd) + (ad + be)i.

Example: If w =3+ 5i and z = 2 — 74, we have
w+z=0B8+5)+2-T)=B+2)+5b-T)i=5-2i

and
w-z=3+5i)-(2-Ti)=[3(2) —5(=7)] +[3(=7) +5(2)]i = 41 — 114.

If a is a real number, we can write a = a + 0¢ and consider a to be a complex number as well.
Hence R is a subset of C. In fact, we have the following containments among the sets we have
considered:

NCZCQCRCC.

In particular, the numbers 0 = 0 + 0 and 1 = 1 + 07 are elements of C and are the identity
elements for addition and multiplication, respectively, in C. If z = a + bi then —z = —a — bi is its
additive inverse. It is an easy exercise to verify these statements by direct calculations.

In order to discuss multiplicative inverses and division in C, we require more definitions.

Definition 1.2.2 If z = a + bi is a complexr number, we define
i. the real part of z is Re(z) = a,
ii. the imaginary part of z is Im(z) = b.

(Note that the imaginary part of z is b and NOT bi.)
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Examples:
1. Re(3+ 5i) = 3 and Im(3 + 5i) = 5.

2. Re(2 — 7i) = 2 and Im(2 — 7i) = —T.
3. Re(3i) = 0 and Im(3i) = 3.
4. Re(7) =7 and Im(7) = 0.
Definition 1.2.3 If z = a+bi is a complex number, the (complex) conjugate of z is Z = a — bi.

Examples:

1. 3451 =3 -5t
2.2-Ti=2+Ti.
, = —3t.

=T.

- W
I

The following properties of conjugates are easy to verify using the definitions.

Proposition 1.2.4 If z and w are complex numbers, then

z+w = (a+bi)+ (c+di)
(a+c¢)+ (b+d)i by Definition 1.2.1 (ii),
= (a+c¢)— (b+d)i by Definition 1.2.3,
(

= zZ4w,

and so z +w = Z + w as claimed.
(ii) The proof of (ii) is similar and is left as an exercise. (See Exercise 1.2.11.) O

Proposition 1.2.5 If z = a + bi is a complex number, then
i. 24+ 2% =2a = 2Re(z2)
ii. z—2Z=2bi =2Im(z) 1.
Proof. (i) Let z = a + bi so that Z = a — bi and Re(z) = a. We have
z2+zZ = (a+bi)+ (a—bi)
= (a+a)+ (b—0)i by Definition 1.2.1 (ii),
= 2a+ 02
= 2a,

and so z + Z = 2a = 2Re(z) as claimed.
(ii) The proof of (ii) is similar and is left as an exercise. (See Exercise 1.2.12.) O
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The proof of the next result is a computation similar to the previous proofs and is left as an
exercise. (See Exercise 1.2.13.)

Proposition 1.2.6 If z = a + bi is a complex number, then z - Z = a®> + b%, a non-negative real
number.

We now consider multiplicative inverses and division of complex numbers. If z = a + b7 is a
non-zero complex number, then a or b is non-zero, and a? + b? is a non-zero real number. By the
proposition above, we have

44
s 2= b
a*+b

hence

z a b )
s S\t a2re! =1
We therefore have:

Proposition 1.2.7 Ifz = a+bi is a non-zero complex number, then there is a complex number z~1

such that zz=' = 1. In particular,

1 z_ z _ a b ;
22 a?+b? a2+ a?+b?
A quotient Ziflj, of two complex numbers can be written in the standard form by multiplying

the numerator and denominator by the conjugate of the denominator, which leaves a real number
in the denominator. This procedure is similar to “rationalizing” a denominator containing a root.

That is,
a+bi  (a+bi)(c—di) (ac+bd)+ (bc—ad)i ac+bd bc—ad .

ct+di  (c+di)(c— di) c? + d? i T aret

It is best to learn the procedure demonstrated here, and not to memorize this final formula.

Examples:

1. If z =2 + 3i, then the multiplicative inverse or reciprocal of z is

1 1 1 2—-3i 2—-3i 2—3i 2 3.
z = = = - _ =

T 2+3 243 2-3 2432 13 13 13"

2. If w=—1+3i and z = 2 — 54, the the quotient w/z is

w =143 —1+4+3i 245 (-2-15)4+(-5+6)i —17+1 17 1

z  2-5  2-5i 2450 22 4 52 29 ~99 T 29
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Geometry of Complex Numbers

We often represent real numbers geometrically as points on a number line. Similarly, complex
numbers are represented as points in the complex plane. We use the usual coordinate plane
(zy-plane) with the z-axis as the real axis and the y-axis as the imaginary axis. The number
z = a+bi is represented by the point with coordinates (a, b), as in Figure 1.1. Thus the real number
a = a + 0i is represented by the point (a,0) on the real axis, and the real number line coincides
with the real axis.

Im

Figure 1.1: The Complex Plane

With these conventions, Z is the reflection of z in the real axis (z-axis). Also, the distance of
2z = a + bi from the origin is v/a? + b%2. Recall that the absolute value of a real number is the
distance from the number to the origin on the number line. Accordingly, we make the following
definition for complex numbers.

Definition 1.2.8 If z = a + bi is a complex number, the absolute value or modulus of z,
denoted |z|, is the distance from z to the origin in the complex plane. Thus

|z = Va? + b =Vz2z.
Note that this also says 2z = |z|2.

Examples:
1. |3+ 2i] =32 +22=+/13.
2. |4 —5i] = /42 + (—5)% = V16 + 25 = V/41.
3. | =7l =02+ (=72 =49 =T.
4. | — 6| =+/(—6)2 + 02 = /36 = 6.
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We now consider the geometric interpretations of addition and multiplication of complex num-
bers. Let z = a + bi and w = ¢ + di be complex numbers represented by the points P = (a,b)
and @ = (¢, d) in the complex plane, and let O = (0,0) be the origin. Assume that the points P,
@, and O are not all on the same line. Then the point S = (a + ¢,b + d) representing the sum
z4+w = (a+c)+ (b+d)i is the endpoint of the diagonal of the parallelogram with the line segments
OP and OQ as sides. This is illustrated in the example in Figure 1.2. (The reader who is familiar
with linear algebra should notice that this is the geometric description of vector addition in the
vector space R2.)

Figure 1.2: Addition of Complex Numbers

Exercise: Describe geometrically the sum z + w in the case where the points P, ), and O lie on
the same line. Experiment with some specific examples and consider separately the cases where P
and @ lie on the same side of the origin and where they lie on opposite sides of the origin.

The additive inverse —z = —a — bi of a complex number z = a + bi is the reflection of z in
the origin. Using the geometric descriptions of addition and additive inverses, along with the fact
that w — z = w + (—2), we obtain a geometric interpretation of subtraction of complex numbers,
as illustrated by the example in Figure 1.3.

Im

Figure 1.3: Subtraction of Complex Numbers
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In order to describe multiplication of complex numbers geometrically, it will be convenient to
use trigonometry and the “polar form” of complex numbers. A point P = (a,b) in the plane can
be uniquely determined by its distance r from the origin O and the angle 6 between the positive
r-axis and the segment OP. We call (r,0) the polar coordinates of the point P.

We can similarly obtain a polar representation of a complex number z = a + bi. As noted
previously, the distance of z from the origin is r = |z| = Va? + b2, the modulus of z. We will also
need the following definition.

Definition 1.2.9 The angle 0 between the positive real axis and the line segment from the origin
to the complex number z is the argument of z, denoted arg z.

Note that the angle arg z is not unique, adding any integer multiple of 27 will yield another
argument. The polar form of z = a + bi is illustrated in Figure 1.4.

Im
A

z=a+bi
r=|z|

0 = arg z

a

Figure 1.4: Polar Form of Complex Numbers

The polar and standard representations of z are related by the equations

a=rcosf, b=rsinf

and
r=|z| =Va®+b% tanf = 2'

Therefore, the complex number z can be written in the polar form

z =r(cos +isinb).
Note that r = |z| is a non-negative real number and cos + i sin 6 is a complex number of modulus
\/m =1, hence lies on the unit circle centered at the origin.
Examples:

1. Find the polar form of the complex number z = 3 + 3v/3 1.

We have r = 1/32 + (3v/3)2 = /9427 = v/36 = 6 and tan®d = 3v/3/3 = /3. Since z is in

the first quadrant and tanf = v/3, we have 6 = /3. Therefore, the polar form of z is

z—6<cosz+isinz)
N 3 3/
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2. Find the polar form of the complex number w = —2/3 + 2i.
We have r = 1/(—2v/3)2 422 = /12 +4 = V16 = 4 and tanf = 2/(—2v/3) = —1/v/3. The

reference angle is #' = arctan(1/v/3) = 7/6, and since w is in the second quadrant, we have
0 = m — /6 = 51 /6. Therefore, the polar form of w is

4 T L o
w=4|{cos— +isin— | .
6 6
The next result says that in order to multiply two complex numbers, we multiply their moduli
and add their arguments.
Theorem 1.2.10 If z; = ri(cosf; +isinby) and zo = ra(cos s + isin ), then
2129 = rira[cos(by + 02) + isin(6; + 63)].

Proof. Suppose we have two complex numbers z; = r1(cos 6y +isin ;) and zo = ra(cos 2 +isin bs).
Their product is

z1zg = ri(cosby +isinfy) - ra(cos by + isinbha)

= r172[(cos by cos by — sin By sin O2) + i(cos Oy sin Oz + sin 61 cos b2)].
By the angle sum formulas for sine and cosine (see Appendix A), we have
cos 01 cos By — sin 61 sin By = cos(6; + 602)

and
cos 0 sin Oy + sin 61 cos fy = sin(6y + 62).

Substituting yields z1292 = ri7r2[cos(0; + 02) + isin(6y + 02)], as claimed. O
Using this theorem and mathematical induction (see §2.1), we obtain the following corollary.
Corollary 1.2.11 If z = r(cosf + isinf) and n is a positive integer, then
2" =r"(cosnf + isinnd).
In the case where = 1, Corollary 1.2.11 becomes
(cosf + isinf)" = cosnb + isinnb

and is known as de Moivre’s Theorem. This says that the nth power of a complex number 2 of
modulus 1 (i.e., a number on the unit circle) is the number on the unit circle whose argument is n
times the argument of z. See §2.1, Example 3, for the formal proof.
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Examples:

1. Use polar form to calculate z - w for z = 3 + 3v/34 and w = —2v/3 + 2i.
We saw in the examples above that

z2=206 <cosE +isinz)

3 3

and

w=4 cosSl—i-isinS—ﬂ
N 6 6 /)"

Therefore, by Theorem 1.2.10,

z-w = 6-4]|cos E—FEE + 2sin E—FEE
a 3 6 3 6

= 24 (cos 7—7T + ¢ sin 767T>

= —12v3—12.

2. Use polar form to calculate (1 —7)?7.

First convert 1 — i to polar form. We have 7 = /12 + (=1)2 = v/2 and tanf = —1/1 = —1.
The reference angle is then 7/4 and and since 1 — i is in the fourth quadrant, we have
0 = 271 — /4 = 7w /4. Hence the polar form is

l—i:\@(coszr—kisin?;).

Therefore, by Corollary 1.2.11,

4

= (V2)7 [cos <27 : Zr) + isin (27 : T)]

189 189
— 927/2 (cos Tﬂ + 7sin 47T>

5 5
— 913.91/2 [cos <I 123 27r> +isin (I 123 277)]

= 8192v2 (Cos %ﬂ +isin 5;)

(1—4)% = [ﬂ(coszr—i-isin?w)r?
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If z is a complex number, then —z = (—1) - z, and the additive inverse can be interpreted
geometrically in terms of multiplication. We have | — 1| = 1 and arg (—1) = =, hence by Theo-
rem 1.2.10, | — z| = |z] and arg (—2) = 7 + arg z. It follows that —z is the reflection of z in the
origin, as noted previously.

Both Theorem 1.2.10 and de Moivre’s Theorem may be more easily understood if we consider
the complex exponential function f(z) = e*. Using infinite series (and trigonometric functions), it
is possible to extend the definition of the natural exponential function from the real numbers to
the complex numbers and to obtain Euler’s Formula

e = cosf + isin,
where 0 is a real number. Thus a complex number of modulus 1 and argument 6 can be expressed

as €%, and a complex number z of modulus 7 and argument 6 can be expressed as

z=r(cosf +isinf) = re?.

Theorem 1.2.10 then follows from the usual laws of exponents. If z; = ret and z9 = reei?2, then

2129 = r1€P1r9e?? = pyprgei@1102)

and if z = e’ then
= (Tew)n _ T,nein0
Euler’s Formula also implies a nice relation among the important numbers 0, 1, e, 7, and 3.
Letting 6 = 7, Euler’s formula becomes

e =cosm+isinm = —1

or .
e +1=0.

81.2 Exercises

1. Determine the real part, the imaginary part, the complex conjugate, and the modulus of each
of the following.

(a) 3+ 5i (c) =4+
(b) 7—2i (d) 5

2. Perform the indicated operations. Write answers in the form a + bi, where a and b are real

numbers.
(a) (24 3i) + (=3 4+ 4i) (c) (441i)+(3+2i)+(4—50)
(b) (5—2i) — (34 T74) (d) (2+444)—(1424)+(3—21)
3. Compute the following products and write in the form a+ bi, where a and b are real numbers.
(a) (24 3i)(—3 + 41) (c) (2+3i)(2 — 30)

(b) (7 +2i)(3 — 2i) (d) i(5 — 7i)
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. Find the multiplicative inverse of each of the following complex numbers. Write answers in

the form a + bi, where a and b are real numbers.
(a) 3+44 (c) 2431
(b) 7—2i (d) 7i

. Compute the following quotients and write in the form a4 bi, where a and b are real numbers.

5+ 4i
(@) 372
(b) (3 + 20)/(5 + 44)
(€) (=3 +4i) = (2 — 1)

. Find the modulus and argument of each of the following complex numbers and write the

numbers in polar form.
(a) 1—i (c) 3—3V3i (e) 5i
(b) —V3—i (d) —V2+v2i (f) =7

Let z; = r1(cosf; +isinf;) and z2 = ro(cosfy + isinfy). Using Theorem 1.2.10, deduce a
formula for the polar form of the quotient z;/z9.

. Let z = r(cosf + isinf). Using Theorem 1.2.10, deduce a formula for the polar form of the

reciprocal 1/z.

.Let 2 = 1++3i, 50 |zl =2and arg 2 = T, and w = —2v2 + 2v/24, so |w| = 4 and

3
arg w = ?ﬂf. Find the modulus and argument of each of the following complex numbers and
write the numbers in polar form.
(a) z-w (c) 22-w (e) z/w
(b) w? (d) 2° (f) 1/2

Use Theorem 1.2.10 to evaluate the following powers. Write your answers in the standard
form a + bi, with a and b ezact real numbers and without trigonometric functions.

17
(a) (1+44)%° (c) (—1 + V3 z)

14 8
o (801) o (202
Verify Proposition 1.2.4 (ii).
Verify Proposition 1.2.5 (ii).
Verify Proposition 1.2.6.

Show that if z is a complex number then 7z = z.

Let z be a complex number. Show that z € R if and only if Z = 2.
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1.3 Algebraic Properties of Number Systems

In this section, we discuss various algebraic properties that our number systems share. Before
reading further, consider the following questions.

Class Preparation Problems:

1. What properties of addition or multiplication of natural numbers are used in the following
equations or calculations? Write out the properties carefully. Why are they true?

(a) 5+ (T+9) =5+ (9+7) () 2-(3-5)=2-(5-3)
(b) 64+(2+3)=(2+3)+6 (f) Compute 3-4-5.

() 5+(7T+9)=05B+7)+9 (2) 2-(3-5)=(3-2)-5
(d) Compute 3 + 4 + 8. (h) 3-(5+7)=3-5+3-7

2. Besides those demonstrated above, do you know any other “basic” properties of addition or
multiplication of natural numbers?

3. Does subtraction or division make sense in N?

4. Now consider the set of integers Z. Are the properties discussed for N also true for Z7
How could we define 0 and negative numbers in terms of addition? How could we define
subtraction?

5. With 0 and —n defined via addition, use the known properties of addition and multiplication
to show:

(a) 0-n =0 for all n € Z.
(b) (=1)-a= —afor all a € Z.
(c) (=1)-(—1) =1, or more generally, (—a) - (—b) = a-b for all a,b € Z.

6. With the definitions discussed above, we can define subtraction in terms of addition in Z.
Does subtraction satisfy all of the same properties as addition? If not, which ones fail?

7. In order to be able to subtract, we extended from N to Z. What set is needed in order to
allow us to divide?

8. Are all of the properties of addition and multiplication for Z also valid for Q7 What additional
properties does Q have that Z does not?

9. How can we define division in QQ in terms of multiplication? Does division satisfy all of the
same properties as multiplication? If not, which ones fail?

10. Do addition and multiplication in R and C satisfy the same properties as in Q7

The questions above concern basic properties of addition and multiplication in the number
systems we have discussed. The following list summarizes the properties that may (or may not) be
satisfied by a set S on which addition and multiplication are defined.
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Definition 1.3.1 (Algebraic Properties) Let S be a set on which addition (+) and multiplica-
tion (-) are defined. We define the following (potential) properties.

Properties of Addition:
i. Closure under Addition: a + b is in S for all a and b in S.
ii. Associative Law of Addition: a+ (b+c¢) = (a+b) + ¢ for all a, b, and ¢ in S.
iii. Commutative Law of Addition: a +b=b+a for alla and b in S.
iv. Additive Identity: There is an element 0 in S such that a+0=0+a =a for alla in S.

v. Additive Inverses: For each element a in S, there is an element —a in S such that
a+ (—a)=(—a)+a=0.

Properties of Multiplication:

vi. Closure under Multiplication: a-b is in S for all a and b in S.

vii. Associative Law of Multiplication: a-(b-¢) = (a-b)-c for alla, b, and ¢ in S.
viii. Commutative Law of Multiplication: a-b=0b-a for alla and b in S.

ix. Multiplicative Identity: There is an element 1 in S such thata-1=1-a = a for all a
n S.

x. Multiplicative Inverses: For each element a # 0 in S, there is an element a™' in S such
thata- (a™') = (a™!) -a=1.

Property Relating Addition and Multiplication:

xi. Distributive Laws:
c-(a+b)=c-a+c-bforalla,b, and c in S,
(a+b)-c=a-c+b-cforalla,b, and c in S.

The two distributive laws are the left and right distributive laws, respectively. If property (viii)
holds in S, so that multiplication is commutative, only one of the distributive laws is necessary, as
the other follows from commutativity of multiplication.

The set N of natural numbers satisfies all of these properties except (iv), (v), and (x). The set
W = NU{0} does have an additive identity, since the number 0 satisfies property (iv). However, W
does not contain an additive inverse for any of its elements except 0, hence property (v) is not
satisfied by W.

The set Z of integers contains the natural numbers as well as 0 and the negative integers.
The integers satisfy all properties satisfied by the natural numbers. The number 0 is the additive
identity of Z since a + 0 = 0 4+ a = a for every integer a. If a is any integer and —a is its negative,
then a + (—a) = (—a) + a = 0, so —a is the additive inverse of a. Thus Z satisfies properties (iv)
and (v). The number 1 is the multiplicative identity of Z since 1-a = a -1 = a for every integer a.
Unless a = 1 or a = —1, however, there is no integer b such that a-b = b-a = 1, and therefore
property (x) is not satisfied by Z.
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The set Q of rational numbers contains the integers as well as all quotients of integers, or
fractions. Using Definition 1.1.1 and assuming the known properties of integers, it can be shown
that Q satisfies properties (i)—(ix) and (xi) of Definition 1.3.1 (see examples below). if £ ibs a non-

a a
a, a1,
b

zero rational number, then a # 0 so the reciprocal % is also a rational number, and ¢ - = ¢

Hence g is the multiplicative inverse of ¢, and Q also satisfies property (x).

Examples:

1. Assuming the known properties of Z, show that multiplication in Q is commutative.

Proof. Let § and 3 be any rational numbers, so a,b,c,d € Z. We then use properties of Z in
Definition 1.3.1 to show that 7 - § = <. 7. We have

%-2 - % by Definition 1.1.1 (iii),
= % by 1.3.1 (viii), commutativity of multiplication in Z,
= °.% by Definition 1.1.1 (iii),
d b
and so multiplication in Q is commutative. [l

2. Assuming the known properties of Z, show that addition in Q is associative.

Proof. Let 7, 3, and ? be any rational numbers, so a, b, ¢, d, e, f € Z. By definition of addition
in Q (Definition 1.1.1 (ii)), we have

b (bd) f

a ¢ e ad+bc e (ad+be)f + (bd)e
(z*&)ﬁ

and

a c e\ a cf+de a(df)+blcf+de)
b+<d+f>_b+ g b

We use properties of Z in Definition 1.3.1 to show that these expressions are equal. We have

a e e (ad + be) f + (bd)e
(6 4 E) ? = )] as above,
_ led)f +[§?§}{ [+5(de) 1131 (xi), (vil) in Z,
_aldf) + [ZEZ}? +0de)l 134 (i), (vii) in Z,
_ aldf) er(b;jf{ F40) 1.3 (xi) in Z,
_ e (e € b
— b+<d+f) as above.
Therefore (7 + 5) + ? =¢+(5+ %) and addition in Q is associative. U
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It can be shown that the set R of real numbers also satisfies properties (i)—(xi) of Definition 1.3.1
with the usual addition and multiplication. Using the definitions of addition and multiplication
in C from Definition 1.2.1 and the known properties of the real numbers, it can be shown that C
satisfies properties (i)—(ix) and (xi) of Definition 1.3.1 (see examples below). Proposition 1.2.7 says
that C also satisfies property (x) of Definition 1.3.1. Hence Q, R, and C satisfy all of the properties
in Definition 1.3.1.

Example: Assuming the known properties of R, show that multiplication in C is commutative.

Proof. Let a+bi and c+ di be any complex numbers, so a, b, ¢, d € R. We use properties of R
in Definition 1.3.1 to show that (a + bi) - (¢ + di) = (¢ + di) - (a + bi). We have

(a4bi)-(c+di) =

ac — bd) + (ad + be)i by Definition 1.2.1 (iii),
ca — db) + (da + cb)i by 1.3.1 (viii) in R,

ca — db) + (¢b+ da)i by 1.3.1 (iii) in R,
c¢+di) - (a+ bi) by Definition 1.2.1 (iii),

)i
)i

—~~ T~/

and so multiplication in Q is commutative. ]

Definition 1.3.2 Let S be a set on which addition (+) and multiplication (-) are defined.
i. If properties (i)—(vii) and (xi) of Definition 1.3.1 are satisfied in S, we say that S is a ring.
ii. If S is a ring and (viii) is also satisfied, we say that S is a commutative ring.

iii. If S is a ring and (ix) is also satisfied, we say that S is a ring with identity or a ring
with 1.

iv. A set S satisfying all of the properties (1)—(xi) of Definition 1.5.1 is called a field.

Thus N is NOT a ring because properties (iv) and (v) are not satisfied. By the discussion above,
we have the following result.

Theorem 1.3.3 The set of integers Z is a commutative ring with 1, and Q, R, and C are fields.

Exercise: Consider other sets you have studied in mathematics on which addition and multipli-
cation are defined (for example, various sets of functions, polynomials, matrices, etc.). Are any of
these sets rings or fields?

We are already familiar with the rings Z, Q, and R and recognize that 0, —a, 1, satisfy properties
(iv), (v), and (ix), respectively, and in Q or R, a~! = 1/a satisfies property (x). In a general ring S,
these elements are defined by the corresponding properties.

The additive identity element “0” is any element of S that satisfies property (iv), whether it
looks like something we would call zero or not, and the additive inverse “—a” is just the element
we add to a in order to get 0. Thus 0 and —a are defined in terms of addition. In most rings,
including C, there is no concept of a “positive” or “negative” element.

We also define subtraction in a ring S in terms of addition. If @ and b are elements of S, we
define a — b to be the element a + (—b) of S, where of course —b is the additive inverse of b.
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Similarly, the multiplicative identity “1” and multiplicative inverse “a~!” are defined in terms

of multiplication by properties (ix) and (x), respectively. If S satisfies property (viii), so that
multiplication in S is commutative, and S satisfies properties (ix) and (x), we can define division
in terms of multiplication as well. For elements a and b of S with b # 0, we define a + b or a/b to
be the element a - b~! of S, where b~! is the multiplicative inverse of b.

In the rational numbers Q, for example, if ¢ = ¢ and r = § # 0, then we have rl = %, the

reciprocal of 7, and ¢ =~ = ¢ - r~!, hence

ot

This explains the rule for dividing fractions we all learned in school.

Division is not usually defined in a ring that is not commutative. Since the elements b~!-a and
a - b~! may not be equal, the expression a <+ b would be ambiguous.

Note that any results we can derive from properties (i)—(vii) and (xi) of Definition 1.3.1 will
hold in any ring. This is the main advantage of such “abstraction” in algebra. Any results derived
from a common list of properties will hold in any system satisfying those properties, and it is
not necessary to reprove the same results repeatedly for different systems. This is essentially the
same philosophy behind letting x stand for any number, one of the earliest cases of abstraction we
encounter in learning algebra.

For example, the following basic results are familiar properties of the real numbers, but can be
proved in a much more general context.

Proposition 1.3.4 If S is a ring, then the following hold.
i. The additive identity element 0 of S is unique.

ii. Ifa €S, then the additive inverse of a is unique.
iii. Ifa€ S, then —(—a) = a.

Proof. (i) Suppose 0, and 0, are both identity elements for S, that is, both satisfy property (iv) of
Definition 1.3.1. We have 0, + 0, = 0p since 0, is an additive identity, and 0, 4+ 0, = 0, since 0
is an additive identity. Hence 0, = 0, + 0, = 0p, and so 0, = 0,. Thus there is only one additive
identity element.

(ii) Let a be an element of S and suppose both b and " are additive inverses for a; that is, both
satisfy property (v) of Definition 1.3.1. Thus we have b+ a =0 and a + b = 0, and so

b = b+ 0 by Definition 1.3.1 (iv),
= b+ (a+1?b) by Definition 1.3.1 (v),
= (b+a)+¥ by Definition 1.3.1 (ii),
= 0+ by Definition 1.3.1 (v),
= b’ by Definition 1.3.1 (iv).
Hence b = b' and so there is only one additive inverse for a.
(iii) Let a be an element of S and —a the additive inverse of a. By part (ii) of this proposition
and Definition 1.3.1 (v), —(—a) is the unique element b of S satisfying b+ (—a) = (—a)+b = 0. But

also by Definition 1.3.1 (v), we have that a + (—a) = (—a) + a = 0 and by uniqueness of additive
inverses, it follows that —(—a) = a. O
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Proposition 1.3.5 If S is a ring with 1, then the following hold.
i. The multiplicative identity element 1 of S is unique.
ii. If a is a non-zero element of S, then the multiplicative inverse of a is unique.

Hl =q.

ili. If a is a non-zero element of S, then (a

Proof. The proof is similar to the proof of Proposition 1.3.4 above and is left as an exercise. U

The next results are restatements of properties of Z mentioned in the class preparation problems.
They can be proved for more general rings, and then the same properties hold in Z as a special
case.

Proposition 1.3.6 If S is any ring, then 0-s =0 for all s € S.
Proof. The proof is left as an exercise. O

Proposition 1.3.7 If S is any ring with 1, then the following hold:

Proof. (i) Let s be an element of S. By Proposition 1.3.4, —s is the unique element b € S satisfying
s+b=>b+s=0. It therefore suffices to prove that s + (—1) -s = (—1) - s + s = 0. Since addition
in S is commutative (see Definition 1.3.2), we only need to show that s + (—=1) - s = 0. We have

s+(=1)-s = 1-s+(—1)-s by Definition 1.3.1 (ix),
(14 (—1))-s by Definition 1.3.1 (xi),
= 0-s by Definition 1.3.1 (v),
= 0 by Proposition 1.3.6,

Hence s + (—1)-s=0and so (—1) - s = —s.
(ii) By part (i) of this proposition, (—1)-(—1) = —(—1). By Proposition 1.3.4 (iii), —(—1) = 1.
Therefore (—1) - (—1) = 1, as claimed. O

Note that these propositions involve multiplication by 0 or an additive inverse. Both 0 and
additive inverses are defined completely in terms of addition, so the proof of any result concerning
multiplication by these elements must use the distributive laws, the only property relating addition
and multiplication.
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§1.3 Exercises

. State which properties of addition and/or multiplication of natural numbers are used in the

following equations. (More than one may be necessary.) All variables stand for natural
numbers.

r+ (dy+2) =3z + (2 + 4y)

(x +y) =5x + 5y

(zy) = (3z)y

r+ 2y+2)=2@+y) +=2
5(zy) = (by)z

(a) 3
(b) 5
(c) 3
(d) 2
(e)

. Using Definition 1.1.1 and the fact that properties (i)—(ix) and (xi) of Definition 1.3.1 hold

in the ring Z of integers, prove that addition in Q is commutative; that is,

+ +

9‘\9

c_¢
d d

Sl RS

. Using Definition 1.1.1 and the fact that properties (i)—(ix) and (xi) of Definition 1.3.1 hold

in the ring Z of integers, prove that multiplication in Q is associative; that is,

v (57) -G

. Using Definition 1.1.1 and the fact that properties (i)—(ix) and (xi) of Definition 1.3.1 hold

in the ring Z of integers, prove that

a b a+bd

C C C

. Using Definition 1.1.1 and the fact that properties (i)—(ix) and (xi) of Definition 1.3.1 hold

in the ring Z of integers, prove that the distributive law holds in Q; that is,

a C+€ _(I
b'(d f)_b'

+

o
ISl IS
|

. Using Definition 1.2.1 and the fact that properties (i)—(xi) of Definition 1.3.1 hold in the

field R of real numbers, prove
(a) addition in C is commutative; that is, (a + bi) + (¢ + di) = (¢ + di) + (a + bi), and

(b) addition in C is associative; that is,

(a+bi) + ((c+di) + (e + fi)) = ((a + bi) + (c + di)) + (e + fi).

. Using Definition 1.2.1 and the fact that properties (i)—(xi) of Definition 1.3.1 hold in the

field R of real numbers, prove that the distributive law holds in C; that is,

(a+bi)- ((c+di) + (e+ fi)) = (a+bi) - (c+di) + (a+bi)- (e + fi).
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. Which properties of Definition 1.3.1 are satisfied by the set S = 2Z of even integers? Is 2Z a

ring? If so, is it a ring with 17 Justify your answers.

. The subset Z[i| = {a + bi|a,b are integers} of C is called the ring of Gaussian integers.

Show that Z[i] is a commutative ring with 1. Is Z[i] a field? Explain.

Let F' be the set of all functions f from R to R, and define addition and multiplication
“pointwise” as in algebra or calculus. That is, for functions f and g, define f+ ¢ and f- g by

(f+9)(z)=f(z)+g(x) and (f - g)(x) = f(x) - g(x) for all real numbers x.

Which properties of Definition 1.3.1 are satisfied by F'? Which properties are satisfied by the
subset C of F' consisting of all continuous functions from R to R? Justify your answers.

Prove Proposition 1.3.5.
[Hint: Imitate the proof of Proposition 1.3.4.]

Prove Proposition 1.3.6.
[Hint: Start with the fact that 0 4+ 0 = 0 (why?) and use the distributive law.]
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1.4 Sets and Equivalence Relations

In order to describe more rigorous constructions of our number systems, we need to introduce the
concept of an equivalence relation on a set. We will first recall some terminology and notation from
set theory. Our approach to set theory will be somewhat informal.

Definition 1.4.1 A set A is a collection of objects. The objects in A are called the elements
of A. If a is an element of A, we write a € A and if b is not an element of A we write b ¢ A.

A set of particular importance is the set containing nothing.
Definition 1.4.2 The empty set is the (unique) set with no elements, denoted &.

Definition 1.4.3 Let A and B be sets.
i. We say A and B are equal, denoted A = B, if the elements of A and B are the same.
ii. If each element of A is also an element of B, we say A is a subset of B and write A C B.
iii. If AC B but A+# B, we say A is a proper subset of B, denoted A & B.

Thus for sets A and B, A C B means that if a € A then a € B, and A & B means that a € B
for every a € A and there is some b € B such that b ¢ A. If A C B, we also say A is contained
in B, and if A ¢ B, we say A is properly contained in B. Note that @ C A for any set A.

Be careful to distinguish between the symbols € and C. The symbol € is used only with elements
and C is used only with sets. For example, if A = {1,2,3}, then 1 is an element of A, but {1} is
the subset of A consisting of a single element 1. We write 1 € A and {1} C A, but both of 1 C A
and {1} € A are incorrect.

The following result provides the most common method for showing that two sets are equal.

Proposition 1.4.4 Two sets A and B are equal if and only if AC B and B C A.

The proposition says that we can show A = B by showing that if a € A then a € B and if
b€ B then b € A.
We next consider some methods for constructing new sets from old.

Definition 1.4.5 Let A, B, Ay, Ag, ..., A, be sets.
i. The union of A and B is the set AUB = {x|xz € Aorxz € B}. More generally, the union
of A1, As, ..., A, is the set
n
AjUAU---UA, = UAi:{x\x € A, for some i}.
i=1
ii. The intersection of A and B is the set ANB = {x|x € Aand x € B}. More generally, the

intersection of A1, Ao, ..., Ay, is the set

AN AN Ay =)A= {z|z € 4 for all i}.
=1
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The word “or” is used in the inclusive sense. That is, ¢ € A or x € B means that = is an
element of at least one of the sets A, B, and could be an element of both.

Definition 1.4.6 Two sets A, B are disjoint if AN B = &. A set A is the disjoint union of
sets A1, Ao, ..., Ay if A= A1 UAU---UA, and A;NA; =3 for all i # j. In this case, we also
say the sets Ay, Ao, ..., A, form a partition of A.

Definition 1.4.7 Let A and B be sets. The Cartesian product of A and B is the set
Ax B={(a,b)|a€ A, be B}
consisting of all ordered pairs (a,b), where a € A and b € B.

The elements of A x B are ordered pairs, and two elements (a1,b1) and (ag, be) are equal if and
only if a; = a2 and by = by. Thus if A = {1,2} = B for example, then (1,2) and (2,1) are different
elements of A x B.

We are now prepared to define equivalence relations.

Definition 1.4.8 A relation R on a set A is a subset of A x A.

Although it is best to formally define a relation as a set, we often avoid the formality by
thinking of elements of A being “related” to each other. In practice, we usually write aRb and
say a is related to b if (a,b) is an element of the relation R.

Care must be taken, however, not to read too much into the word “related.” There is nothing
in the definition, for example, that says that if a is related to b, then b must be related to a. It is
possible that (a,b) is an element of R but that (b,a) is not.

We will be primarily interested in a particular type of relation called an equivalence relation.

Definition 1.4.9 An equivalence relation on a set A is a relation ~ satisfying, for all a, b,
and ¢ in A:

i. a ~ a (reflexive property).
ii. If a ~ b then b ~ a (symmetric property).
iii. Ifa~bandb~ ¢, then a ~ ¢ (transitive property).

If ~ is an equivalence relation on A and a ~ b, we say a and b are equivalent. Equivalence is
a generalization of equality. If a and b are equivalent, they need not be equal, but they are “the
same” relative to some property. Note that equality is an equivalence relation.

Example: We can define a relation ~ on the set R of real numbers by a ~ b if |a] = |b|. It is
easily verified that ~ is an equivalence relation on R (do it!). Under this relation, 3 and —3 are
equivalent although they are not equal. They are “the same” in that they are the same distance
from the origin. O

It is often useful to consider all elements of a set that are equivalent to a given element under
an equivalence relation to be the same. We give the set of such elements a name.
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Definition 1.4.10 If ~ is an equivalence relation on a set A and a is an element of A, the
equivalence class of a is the set [a] ={b € A|a ~ b}.

The equivalence class of a is just the set of all elements of A that are equivalent to a. In the
example above, [a] = {a, —a}. Thus [3] = {3, -3} = [-3]. The fact that 3 ~ —3 and [3] = [-3] is

not a coincidence.

Proposition 1.4.11 Let ~ be an equivalence relation on a set A. For a and b in A, [a] = [b] if
and only if a ~ b.

The proposition says that if two elements of A are equivalent, then their equivalence classes are
the same. By the defining properties of an equivalence relation, all elements in a given equivalence
class must be equivalent (verify!).

Notice that every element a of A is in some equivalence class, namely [a]. Hence A is the union
of the equivalence classes. The next result says that this is a disjoint union, so the equivalence
classes partition the set A into disjoint subsets.

Proposition 1.4.12 Let ~ be an equivalence relation on a set A. If a and b are elements of A,
then either [a] = [b] or [a] N [b] = @.

§1.4 Exercises

In the following exercises, A, B, and C are sets.

1. Show that if AC C and B C C, then AUB CC.
2. Show that if C C A and C C B, then C C AN B.
Show that if A C B, then AUC C BUC.

Show that if A C B, then ANC C BNnC.

Show that AN (BUC) =(ANB)U(ANC).
Show that AU(BNC)=(AUB)N(AUC).

A ol

Verify that the relation ~ on R, defined by a ~ b if and only if |a| = |b|, is an equivalence
relation.

8. Verify that the relation ~ on R, defined by a ~ b if and only if a — b is rational, is an
equivalence relation.

9. Verify that the relation ~ on the set of fractions {{ [a,b € Z, b # 0}, defined by § ~ § if and
only if ad = bc, is an equivalence relation.

10. Show that if ~ is an equivalence relation on a set A and a ~ b, then [a] = [b].

11. Show that if ~ is an equivalence relation on a set A and a and b are elements of A such that
[a] N [b] is not empty, then a ~ b. (This proves Proposition 1.4.12.)
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1.5 Formal Constructions of Number Systems

Today, most of us are comfortable with the number systems we have discussed thus far, with the
possible exception of the complex numbers. This has not always been the case, however. Ideas
such as 0, negative numbers, irrational numbers, and complex numbers have historically been much
more difficult to grasp than the natural numbers. In order to believe that these objects exist, it is
useful to have concrete constructions that behave in the expected ways.

In this section we present a more formal and rigorous construction of some of our number
systems. We will begin by giving a construction of the field Q of rational numbers assuming we
have the ring Z of integers. We will then construct the integers Z from the natural numbers N and
then the complex numbers C from the real numbers R.

A model for the natural numbers can be constructed using a set of axioms (the Peano axioms),
but this construction is much more abstract and will not be included here. We also will not include
a construction of the real numbers because such a construction would require tools from analysis
that are beyond the scope of this text.

Construction of the Rational Numbers

Although we should logically construct the integers first and then construct the rational numbers
from them, the ideas behind the construction of the rational numbers are more familiar to us.
The differences between this construction and the usual understanding of the rational numbers as
fractions mainly concern notation and the formalization of the idea of equivalent fractions. We
will therefore first consider the construction of the rational numbers. We will assume all properties
previously discussed for the ring of integers. The rational numbers will be constructed as a set of
equivalence classes of ordered pairs of integers.

The construction given here is a special case of the construction of the “field of fractions of an
integral domain” studied in ring theory. It will also allow us to obtain other fields starting with
rings similar to the integers, such as rings of polynomials.

Definition 1.5.1 Let Q = {(a,b) |a,b € Z, b # 0} and define a relation ~ on Q by (a,b) ~ (a/,b)
if and only if abl = ba’.

Proposition 1.5.2 The relation ~ defined on Q is an equivalence relation.

Definition 1.5.3 For (a,b) in Q, let [(a,b)] be the equivalence class of (a,b) under the relation ~.
Define Q to be the set of equivalence classes of elements of Q, that is,

Q = {l(a,b)][(a,0) € Q}.

The best way to understand this construction and what follows is to think of the element (a, b)
of Q as the specific fraction §. For (a,b) and (a’,0') in Q, we have (a,b) ~ (d/,V') if and only if
ab! = ba', hence if and only if § = %,l. The equivalence relation ~ can therefore be viewed as the
usual equivalence of fractions.

The element [(a,b)] of @ then can be viewed as the rational number represented by ¢, or by
any other equivalent fraction. We can consider Z to be a subset of @ by identifying an integer z
with the element [(z,1)] of Q.
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The issue of equality of fractions is more formally addressed in this construction by taking
the elements of @ to be equivalence classes of elements of Q, or of fractions. Thus the rational
number 0.666 ... = 0.6 is represented by the single equivalence class [(2, 3)] instead of by the various
equivalent fractions %, %, g, ...

Keep in mind that the elements of @ are equivalence classes, hence are sets. For example,

[(2,3)] ={(2,3),(-2,-3),(4,6),(—4,-6),(6,9),...}.

For (a,b) in Q, [(a,b)] = [(ac, bc)] for every non-zero integer c, just as § = 35.

Next, we must define addition and multiplication on @ so that @ behaves like the rational
numbers Q. Compare the following definition to Definition 1.1.1.

Definition 1.5.4 Forx = [(a,b)] andy = [(c,d)] in Q, we define addition x+y and multiplication
x -y as follows:

i x+y=|[(ab)]+[(c,d)] = [(ad + be, bd)]
i x-y= [(av b)] ’ [(Ca d)] = [(ac7 bd)]

Note that the addition and multiplication of & and y appear to depend on the particular
representatives (a,b) and (¢, d) chosen for the equivalence classes. In order for these definitions to
be useful, it is necessary to know that this is not the case.

Proposition 1.5.5 If [(a,b)] = [(d/,V)] and [(¢,d)] = [(¢/,d)] in Q, then

[(a,0)] + [(c, d)]

[(a”,0)] + [(c, )]

and
[(a, )] - [(e,d)] = [(a',0")] - [(¢/, d)].

That is, addition and multiplication in Q are well-defined.

By the definitions of addition and multiplication in @ and the closure of Z under addition and
multiplication, it is clear that @ is closed under both operations. The next results can be verified
by direct calculations.

Proposition 1.5.6 The following hold in Q.
i. The element 0 = [(0,1)] is the additive identity element of Q.
ii. If x =[(a,b)] is an element of Q, then the additive inverse of x is —x = [(—a,b)].

We have that [(a,b)] = 0 if and only if (a,b) ~ (0, 1), hence if and only if a- 1 = b- 0, that is,
a = 0. Hence if [(a,b)] # 0, then a # 0 and [(b,a)] is also an element of Q. This is used in the next
result.
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Proposition 1.5.7 The following hold in Q.
i. The element 1 = [(1,1)] is the multiplicative identity element of Q.

ii. If = [(a,b)] # 0 is an element of Q, then the multiplicative inverse of x is = = [(b,a)].

Using the definitions of @, addition, and multiplication, and the known properties of Z, it can
be shown that both addition and multiplication in ) are commutative and associative, and that
the distributive law holds in Q. The proofs are very similar to those in Exercises 1.3.2-1.3.5. Along
with the results and remarks above, this yields the following theorem.

Theorem 1.5.8 With Q, addition, and multiplication defined as above, Q satisfies properties (i)—
(xi) of Definition 1.3.1. That is, Q is a field.

If we identify the element [(a,b)] of @ with the rational number represented by the fraction §
(or any equivalent fraction), @ is “algebraically the same” as Q. In abstract algebra, we would say
that the two fields are isomorphic.

Construction of the Integers

We next consider the construction of the integers from the natural numbers. We will assume
all properties previously discussed for the natural numbers N. The integers will be constructed as
a set of equivalence classes of ordered pairs of natural numbers.

Definition 1.5.9 Let Z = {(a,b)|a,b € N} and define a relation ~ on Z by (a,b) ~ (a',0') if and
only ifa+b =b+d.

Proposition 1.5.10 The relation ~ defined on Z is an equivalence relation.

Definition 1.5.11 For (a,b) in Z, let [(a,b)] be the equivalence class of (a,b) under the relation ~.
Define Z to be the set of equivalence classes of elements of Z, that is,

Z ={l(a,0)]|(a;b) € Z }.

Note the similarity in the definitions of Z, ~, and Z to the definitions of Q, ~, and Q. The
only difference is that multiplication in the definition of ~ for Q (i.e., ab’ = ba’) is replaced by
addition in the definition of ~ for Z (i.e., a + ¥ = b+ a’). This should not be a surprise. We
constructed @ from Z in order to obtain multiplicative inverses and we are constructing Z from N
in order to obtain additive inverses.

In order to better understand this construction, think of the element [(a,b)] of Z as the integer
a —b. For (a,b) and (d’,b') in Q, we have (a,b) ~ (a’,V') if and only if a + b = b+ d’, hence if and
only if a — b = d’ — b/. Hence an element of Z corresponds to exactly one integer.

We can consider N to be a subset of Z by identifying a natural number n with the element
[(n+1,1)] of Z. We thereby identify N with the subset { [(a,b)]|a > b} of Z, identify the integer 0
with the element [(1,1)] (= [(n,n)] for all n € N), and identify the negative integers with the subset
{[(a,b)]|]a<b} of Z.
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Again, keep in mind that the elements of Z are equivalence classes, hence are sets. For example,
[(3,5)] = {[(n,n+2)]In e N} ={(1,3),(2,4),(3,5), (4,6),...}.

For (a,b) in Z, [(a,b)] = [(a + ¢,b+ ¢)] for every natural number c.
Next, we define addition and multiplication on Z so that Z behaves like the integers Z.

Definition 1.5.12 For « = [(a,b)] and y = [(c,d)] in Z, we define addition  +y and multiplica-
tion x -y as follows:

i x+y=Iab)]+][(cd)]=I[a+cb+d)]
ii. z-y=1[(a,b)]-[(c,d)] = [(ac+ bd, ad + bc)].

Recalling our interpretation of an element [(m,n)] of Z as the integer m — n, the definitions of
addition and multiplication in Z are inspired by the facts that (a —b) 4+ (¢ —d) = (a +¢) — (b+d)
and (a — b)(c — d) = (ac+ bd) — (ad + bc) in Z.

The addition and multiplication of & and y are defined in terms of the particular representatives
(a,b) and (c,d) chosen for the equivalence classes. In order for these definitions to be useful, it is
necessary to know that the definitions do not actually depend on these choices.

Proposition 1.5.13 If [(a,b)] = [(d/, V)] and [(¢,d)] = [(¢/,d')] in Z, then
[(a,0)] + [(e.d)] = [(a", )] + [(c, )]

and
[(a,0)] - [(c,d)] = [(a',0")] - [(¢, d)].

That is, addition and multiplication in Z are well-defined.

By the definitions of addition and multiplication in Z and the closure of N under addition and
multiplication, it is clear that Z is closed under both operations. The next results can be verified
by direct calculations.

Proposition 1.5.14 The following hold in Z.
i. The element 0 = [(1,1)] is the additive identity element of Z.

ii. If x ={[(a,b)] is an element of Z, then the additive inverse of x is —x = [(b,a)].
Proposition 1.5.15 The element 1 = [(2,1)] is the multiplicative identity element of Z.

Most elements of Z do not have multiplicative inverses. For example, let & = [(3,1)] (so x
corresponds to the natural number 2). If there were a multiplicative inverse for , then there would
be natural numbers ¢ and d such that [(3,1)] - [(¢,d)] =1 = [(2,1)]. By definition of multiplication
in Z and properties of equivalence classes (Proposition 1.4.11), this implies (3c+d,3d+c¢) ~ (2,1).
Note that [(2,1)] = {(n+ 1,n)|n € N} (verify!), hence this implies (3¢ + d,3d + ¢) = (n+ 1,n) for
some natural number n. Therefore 3c+d = n+1 and 3d+ ¢ = n. Substituting the second equation
in the first, we obtain 3¢ +d = 3d + ¢+ 1, or 2¢c = 2d + 1. But ¢ and d are natural numbers, so 2¢
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is even and 2d + 1 is odd, hence 2¢ cannot equal 2d + 1. Therefore no such natural numbers exist
and = [(3,1)] has no multiplicative inverse in Z. In fact, it can be shown that [(2,1)] and [(1, 2)]
are the only elements of Z that have multiplicative inverses. (What are their inverses?)

Using the definitions of Z, addition, and multiplication, and the known properties of N, it can
be shown that both addition and multiplication in Z are commutative and associative, and that
the distributive law holds in Z. Along with the results and remarks above, this yields the following
theorem.

Theorem 1.5.16 With Z, addition, and multiplication defined as above, Z satisfies properties
(i)—(ix) and (xi) of Definition 1.3.1. That is, Z is a commutative ring with 1.

Identifying the element [(a,b)] of Z with the integer a — b, we see that Z is algebraically the
same as Z. That is, the two rings are isomorphic.

Construction of the Complex Numbers

Our definition of C as the “set of symbols a+bi” (Definition 1.2.1) was somewhat unsatisfactory.
We give here a more rigorous construction of the complex numbers as ordered pairs of real numbers.
Admittedly, the difference is subtle, but this construction avoids the use of formal symbols as
elements of our set. It will not be necessary to use equivalence classes as in the two previous
constructions. We will assume all of the field properties of the real numbers R.

Definition 1.5.17 Let C = R x R and for x = (a,b) and y = (c,d), define addition x +y and
multiplication x -y as follows:

i x+y=(a,b)+(c,d)=(a+c,b+d)
ii. z-y=(a,b)-(c,d) = (ac — bd,ad + bc).

Compare this to Definition 1.2.1. We will view the element (a,b) of C' as the complex number
a + bi. A real number a corresponds to the element (a,0) of C, and (0,1) corresponds to the
number i, so (0,1)2 = (—1,0) corresponds to —1 as desired.

This algebraic construction of C corresponds precisely to our earlier geometric interpretation
of C as the complex plane. In both cases, the complex number a + bi is interpreted as the ordered
pair (a,b) of real numbers. The definitions of addition and multiplication in the two interpretations
are the same.

Definition 1.5.17 and the closure of R under addition and multiplication imply that C'is closed
under both operations. The following results give the additive and multiplicative identities and
inverses, and are easy to verify.

Proposition 1.5.18 The following hold in C'.
i. The element 0 = (0,0) is the additive identity element of C.
ii. If x = (a,b) is an element of C, then the additive inverse of x is —x = (—a, —b).

We have that (a,b) = 0 if and only if a = b = 0. Hence if (a,b) # 0, then at least one of a or b
is non-zero, and so a® + b2 is a non-zero real number. This is used in the next result.
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Proposition 1.5.19 The following hold in C'.
i. The element 1 = (1,0) is the multiplicative identity element of C.

ii. If x = (a,b) # 0 is an element of C, then the multiplicative inverse of x is

ol a —b
o \a2 b2 a2+02 )

Using Definition 1.5.17, and the known properties of R, it can be shown that both addition
and multiplication in C are commutative and associative, and that the distributive law holds in C.
The proofs are very similar to those in Exercises 1.3.6-1.3.7. Along with the results and remarks
above, this yields the following theorem.

Theorem 1.5.20 With C, addition, and multiplication defined as above, C satisfies properties
(i)—(xi) of Definition 1.3.1. That is, C is a field.

The fields C and C are seen to be isomorphic by identifying the element (a,b) of C with the
complex number a + bi.

81.5 Exercises

1. Show that the relation ~ defined on Q by (a,b) ~ (a’,V') if and only if ab’ = ba’ is an
equivalence relation.

2. Prove Proposition 1.5.5, that addition and multiplication in @ are well-defined. This is
equivalent to proving that if (a,b) ~ (a’,b') and (¢,d) ~ (¢/,d’) in Q, then

(a) (ad+be,bd) ~ (d'd + V', b'd") and
(b) (ac,bd) ~ (a’'d,V'd).
3. Prove Proposition 1.5.6. That is, show that for all [(a,b)] € Q,
(a) [(0,1)] +[(a,)] = [(a,b)] + [(0,1)] = [(a,b)] and
(b) [(a,b)] + [(—a,b)] = [(=a, b)] + [(a, b)] = [(0,1)].
4. Prove Proposition 1.5.7. That is, show that
(a) [(1,1)] - [(a,b)] = [(a,b)] - [(1,1)] = [(a, b)] for all [(a,b)] € Q and
(b) [(a,b)] - [(b,a)] = [(b,a)] - [(a,b)] = [(1,1)] for all [(a,b)] € Q with [(a,b)] # 0.

5. Show that the relation ~ defined on Z by (a,b) ~ (¢/,V') if and only if a +V = b+ d’ is an
equivalence relation.
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. Prove Proposition 1.5.13, that addition and multiplication in Z are well-defined. This is

equivalent to proving that if (a,b) ~ (a’,b') and (¢,d) ~ (¢/,d’) in Z, then
(a) (a+c¢,b+d) ~ (a/+,b +d) and

(b) (ac+bd,ad+ be) ~ (a'd +Vd,a'd +b'c).
Prove Proposition 1.5.14. That is, show that for all [(a,b)] € Z,

(a) [(L, D]+ [(a, b)] = [(a, )] + [(1,1)] = [(a,b)] and

(b) [(a,0)] +[(b; a)] = [(b; a)] + [(a, )] = [(1, 1)].

Prove Proposition 1.5.15. That is, show that [(2,1)] - [(a,b)] = [(a,b)] - [(2,1)] = [(a, b)] for all
[(a,b)] € Q.

Show that no element of Z other than [(2,1)] or [(1,2)] has a multiplicative inverse in Z.
Find the inverses of [(2,1)] and [(1, 2)].

Let 0 = [(1,1)] and & = [(a,b)] in Z. Show that 0 - = 0. (This shows that zero times any
“Integer” is zero.)

Let 1 =[(2,1)], = = [(a,b)], and y = [(¢,d)] in Z. Show that (—z) - (—y) = x - y. Deduce
that in particular, (—1)-(—1) =1 and (—1) - = —x. (This shows that the product of two
“negative integers” is a “positive integer.”)



Chapter 2

Basic Number Theory

In this chapter, we introduce some basic ideas from Number Theory, the study of properties of the
natural numbers and integers. We will concentrate on properties related to divisibility of integers,
including greatest common divisors, prime numbers, and prime factorizations.

2.1 Principle of Mathematical Induction

Consider the following questions before reading further.

Class Preparation Problems:
1. What is “inductive” reasoning? Can it be used to prove mathematical statements?
2. Verify the following statements for as many cases as you can:

(a) 22" 4 1 is prime for every integer n > 0.

(b) If n is any even integer greater than 4, then n is the sum of two odd primes.

3. Are the statements above true? How many cases would we need to check in order to prove
they are true? How many cases to prove false?

A mathematical proof involves “deductive” reasoning. New statements are deduced logically
from known definitions or theorems. If the hypotheses are true and the logical argument is sound,
the conclusion must be true.

Inductive reasoning, on the other hand, attempts to make general conclusions based on specific
observations. While this is a good method for constructing conjectures of what might be true, it
cannot be used to prove mathematical statements. After making some specific observations and
making a reasonable conjecture, it is still necessary to use a deductive argument based on known
results in order to prove the conjecture. Many statements are true in a few specific cases but turn
out not to be true in general. It is not possible to prove a general statement with examples.

The numbers Fj, = 22" + 1, for n > 0 an integer, are called Fermat numbers. In the 1600s,
Fermat observed that the first five of these numbers,

Fy=3, F1 =5, Fy =17, F3 =257, Fy = 65537,

35
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are prime, and conjectured that F,, is prime for all n > 0, but was unable to prove this conjecture.
The conjecture was not true, as

Fy = 2% +1 = 4,294,967,297 = (641)(6, 700, 417)

is not prime. In fact, no other prime Fermat number has yet been found. The complete prime
factorizations of the Fermat numbers F,, for 5 < n < 11 are known and the numbers F;, for
5 < n < 32 are known to be composite. Thus the observation that F), is prime for 0 < n < 4 is
rather misleading.

One version of the Goldbach Conjecture states that every even integer greater than 4 is the
sum of two odd primes. The conjecture has been verified for all even integers up to 4 - 10 (J.
Richstein, Math. Comput. 70 (2001), 1745-1750), and there are as yet unpublished claims that
it has been verified up to 3 - 10'7. Although the conjecture is believed to be true, it remains a
conjecture because despite this considerable evidence, it has not been proved. It remains possible
that there is some even integer greater than 4 that is not the sum of two odd primes.

The Principle of Mathematical Induction is a method for proving statements about natural
numbers (or integers). It is not inductive reasoning as discussed above. It is based on the following
property of natural numbers that we will assume.

Theorem 2.1.1 (Well-ordering Principle) If S is a non-empty set of natural numbers, then S
has a smallest element.

Note that this is a special property of the natural numbers. It is not true, for example, for the
set of positive real numbers or the set of positive rational numbers. It can be generalized to the set
of integers: any non-empty set of integers that is bounded below has a smallest element.

Theorem 2.1.2 (Principle of Mathematical Induction) Let S be a set of natural numbers.
If

i. Lisin S, and
ii. whenever k is in S, k+ 1 is also in S,

then S is the set of all natural numbers (that is, every natural number n is in S).

Proof. We prove the theorem by contradiction, using the Well-ordering Principle. That is, we
assume the hypotheses of the theorem and suppose the conclusion is false. We then proceed to
reach a contradiction.

Assume (i) and (ii) hold and suppose S is not the entire set N of natural numbers. The set T" of
natural numbers not in S is therefore a non-empty set of natural numbers. Hence 7" has a smallest
element m by the Well-ordering Principle.

Now m is the smallest natural number not in S. Since 1 is in S by (i), it follows that m > 1,
so k = m — 1 is a natural number. Since k& < m, we have that k is in S. But then (ii) implies
k+1=misin S, which is a contradiction. Hence our assumption that S is not all of N must be
false, and the theorem is proved. ]
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We usually do not formally consider a set S of natural numbers when using mathematical
induction. The following is an alternative version.

Theorem 2.1.3 (Principle of Mathematical Induction (alternative version)) Let P(n) be
a statement about natural numbers. If

i. P(1) is true, and
ii. whenever P(k) is true, P(k + 1) is also true,

then P(n) is true for allm > 1.

Notes:

1. It is easy to see that the two versions of the Principle of Mathematical Induction are equivalent
by letting S be the set of all natural numbers n for which P(n) is true.

2. Statement (i) is called the base step of the induction. The assumption in (ii) that k € S, or
P(k) is true, is called the inductive hypothesis, and the proof of (ii) is called the inductive
step.

3. It is not necessary to start the induction at 1. In (i), if we replace 1 € S with ng € S, then
the conclusion is that n € S for all n > ng. (Or, if we replace “P(1) is true” with “P(ng) is
true,” the conclusion is that P(n) is true for all n > ng.) In fact, S can be a set of integers
or P(n) a statement about integers, and ny can be any integer. That is, ng can even be 0 or
negative.

Examples:

n%(n +1)2

1. Use induction to show that 12+ 23+ 33+ ... 4+ n3 = forn>1.

Proof. (i) We first show that the statement is true for n = 1. When n = 1, the formula

2 2
becomes 13 = # = % =1, and so the statement is true.

(ii) Next, we assume the statement is true for n = k; that is,
E2(k +1)2

P2d 4374 b b = = (%)

and show that this implies the statement is true for n = k + 1; that is,

(k+1)%((k+1)41)2
4
(k+1)%(k +2)?
1 )

428438+ P+ (k+1)° =
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We have

k2(k +1)2
B4+ B+ (k+1)7 = Rl : ) +(k+1)° by (x),
E*(k+1)% +4(k+1)3
4
(k4 1)?[k* 4+ 4(k + 1))
4
(k + 1)2[k? + 4k + 4]
4
(k+1)%(k + 2)?
1 .
Hence if the statement is true for n = k, then the statement is true for n = k + 1.

Since (i) and (ii) hold, the statement is true for all n > 1 by the Principle of Mathematical

Induction. O
1 1 1 1
. Use induction to show that 1-2+2-3+3-4+”.+n(n—|—1) = nil forn > 1.

Proof. (i) We first show that the statement is true for n = 1. When n = 1, the formula

becomes 1—12 = ﬁll, and so the statement is true.
(ii) Next, we assume the statement is true for n = k; that is,
1 1 1 1 k
T2 23 3T ) T Ee
and show that this implies the statement is true for n = k + 1; that is,
1 1 1 1 B k+1
T2 23T TR E D TR )2 (Rt D +D)
_ k+1
= Wi
We have
1 1 1 1 k 1
et et Gy T a0y T kel GrDmry Y U
k(b +2)+1
 (k+D(k+2)
kK +2k+41
 (k+1D)(k+2)
B (k+1)2
 (k+1)(E+2)
k+1
= T3

Hence if the statement is true for n = k, then the statement is true for n = k + 1.

Since (i) and (ii) hold, the statement is true for all n > 1 by the Principle of Mathematical
Induction. O
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3. Prove de Moivre’s Theorem (Corollary 1.2.11 with » = 1); i.e., show that

(cos@ +isinf)" = cosnb + isinnb

for alln > 1.

Proof. (i) We first show that the statement is true for n = 1. When n = 1, the statement
becomes (cosf + isinf)! = cos16 + isin 16 or equivalently, cosf + isin = cos@ + isin¥,
which is clearly true.

(ii) Next, we assume the statement is true for n = k; that is,
(cos B 4 isin0)F = cos kb + isinkd ()
and show that this implies the statement is true for n = k + 1; that is,

(cos @ + isin §)*1 = cos[(k + 1)6] + i sin[(k 4 1)6].

We have

(cosf +isin@)* = (cosf +isinf)* - (cosf + isinf)
= (cosk® +isinkf) - (cos® +isinf) by (x),
= cos(kf + 0) + isin(kf + ) by Theorem 1.2.10,
= cos[(k + 1)8] +isin[(k + 1)0],
and therefore (cos + isin 6) ! = cos[(k + 1)0] + isin[(k + 1)0]. Hence if the statement is
true for n = k, then the statement is true for n = k + 1.

Since (i) and (ii) hold, the statement is true for all n > 1 by the Principle of Mathematical
Induction. O

. Use induction to show that n! > 2" for n > 4. (Recall that n! =n(n —1)(n —2)---3-2-1.)

Proof. (i) We first show that the statement is true for n = 4. When n = 4, the inequality
becomes 4! > 24, and since 4! = 24 and 2* = 16, the statement is true. (Note that the
statement is actually false for n = 1,2,3.)

(ii) Next, we assume the statement is true for n = k > 4; that is,
k!> 2F (%)
and show that this implies the statement is true for n = k + 1; that is,
(k+1)! > 2~
We have

(k +1)!

(k+1) - k!
(k+1)-2" by (),
2. 2% since k > 4,
2k+1

VoV
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and therefore (k + 1)! > 2¥+1. Hence if the statement is true for n = k, then the statement
is true for n =k + 1.

Since (i) and (ii) hold, the statement is true for all n > 4 by the Principle of Mathematical
Induction. O

§2.1 Exercises

Prove the following statements using the Principle of Mathematical Induction.
~n(n+1)
2

1)(2n + 1
9 12492432 4.2 Mt )6("+ ) forn > 1.

30142422428 4. 42" =9"_ 1 forn>1.

1. 142434+---+n for n > 1.

4. 143+5+--+(2n—1)=n? for n > 1.

n(n+1)(n+2)

5.1:242-3+3-4+---+n(n+1) = forn > 1.

6. o+ Ly ! " forn>1
) = orn > 1.
1-3 35 57 2n—1)2n+1) 2n+1
1 11\ /1 1\ /1 1 1 1\ (+1)(n+2)
71l (22 ) (2 ) (2] ()2 AT, > 1.
<2+ ) <2+2> <2+3> (2+4> <2+n> gn 1 o
d n n—1 : d . ..
8. Ly = for n > 1, assuming only e 1 and the product rule for differentiation.
x x

9. If x is a positive real number, then (1 + z)"” > 1 + nz for all natural numbers n > 1.
10. If x and y are real numbers, then (xy)™ = z™y" for all natural numbers n > 1.
11. 4™ — 1 is divisible by 3 for all n > 0.
12. A set with n elements has exactly 2" subsets for n > 0.
13. 2" > n for all n > 1.

14. n! > n? for n > 4.
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2.2 Divisibility of Integers

Definition 2.2.1 Let a and b be integers, with a # 0. We say a divides b, and write a | b, if
b = na for some integer n. If a does not divide b, we write a1 b.

If a divides b, we also say that a is a divisor or factor of b, that b is a multiple of a, or that b
is divisible by a. It is important to note that the notation a | b stands for the statement that a
divides b; it is NOT a number. In particular a | b is not the fraction a/b.

Note that if a | b, then the rational number g is an integer, since if b = na for some integer n,
then 2 = n. When working with integers, however, it is usually best to use the operation of
multiplication and not division. It is therefore preferable to use the definition above in order to
prove results about divisibility.

We will need to be able to use several important basic properties of divisibility. These are listed
among the (potential) properties below. Consider the following problems before reading further.

Class Preparation Problems: Determine if each of the following statements is TRUE or FALSE.
For each true statement, give a proof. For each false statement, find an example of integers for
which the statement is false. (Answers appear on the next page.)

1. 0]o.

2. If a# 0, then a | 0.
3. If a #0, then 0 | a.
4. If a # 0, then a | a.

5. If @ and b are positive and a | b, then a < b.
More generally, if a and b are any non-zero integers and a | b, then |a| < |b|.

6. If a is any integer, then 1 | a.
7. If a| 1, then a = +1.

8. If a| b, then b | a.

9. Ifa|band b | a, then b = +a.
10. Ifa | band b | ¢, then a | c.
11. If a | b and a | ¢, then a? | be.
12. If a | b and d | ¢, then ad | bc.
13. If a | be, then a | bor a | c.

14. If a | c and b | ¢, then ab | c.
15. Ifa|band a|c, thena|b+c.

16. Ifa|b+c¢, thena|boralec.
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Statements 1, 3, 8, 13, 14, and 16 above are FALSE, the other statements are true. Statement 11
is just a special case of statement 12 (let d = a). We restate the remaining true properties in the
following theorem.

Theorem 2.2.2 (Divisibility Properties) If a, b, and c are integers, then the following prop-
erties hold.

i. Ifa#0, then a | 0.
ii. Ifa#0, then a | a.
iii. If a is any integer, then 1| a.
iv. If a and b are non-zero and a | b, then |a| < |b|.
v. Ifa |1, then a = £1.
vi. If a|b and b | a, then b = +a.
vii. Ifa|b andb|c, then a| c.
viii. Ifa|b and d| ¢, then ad | bc.
ix. Ifa|bandalc, thena|b+c.

Proof. Property (i) follows from the definition and the fact that 0 = 0 - a. Properties (ii) and (iii)
both follow from a =1 - a.

For (iv), note that if a | b, then b = na for some integer n, and so |b| = |n| - |a|. Since a and b
are non-zero, n is also non-zero and |n| > 1 because n is an integer. Thus |b| = |n|-|a| > 1-|a| = |a]
and |b| > |a| as claimed.

For (v), we have by (iv) that if a | 1, then |a] < 1 and a # 0. Since a is an integer, this leaves
only the possibility that |a] = 1 and so a = £1. Similarly, if a | b and b | a, then |a| < |b|] and
|b] < |al, hence |a| = |b|. Again, since a and b are integers, this implies b = +a and (vi) holds.

To prove (vii), we observe that if a | b and b | ¢, then by definition, b = na and ¢ = mb for some
integers m and n. Substituting, we have

¢ =m(na) = (mn)a

by associativity of multiplication in Z. Since Z is closed under multiplication, mn is an integer,
and so ¢ = (mn)a implies a | ¢ by definition.
Similarly, if @ | b and d | ¢, then b = na and ¢ = md for integers m and n, and so

bc = (na)(md) = (nm)(ad)

by the associativity and commutativity of multiplication in Z. Again, since Z is closed under
multiplication, nm is an integer and bc = (nm)(ad) implies ad | be, and so (viii) holds.
Finally, if a | b and a | ¢, then b = ma and ¢ = na for some integers m and n. Thus

b+c=ma+na=(m+n)a

by the distributive law in Z. Since Z is closed under addition, m+n is an integer and b+c = (m+n)a
implies @ | b+ ¢ by definition and (ix) holds. O
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The following theorem is very useful and important. Its proof is nearly identical to the proof
of Theorem 2.2.2 (ix) above and is left as an exercise (see Exercise 2.2.7).

Theorem 2.2.3 (Combination Theorem) Ifa | b and a | ¢, then a | bx + cy for all integers x
and y.

Theorem 2.2.2 (ix) is really just a special case of the Combination Theorem, with z = y = 1.
By setting = 1 and y = —1 in the Combination Theorem, it follows that if a | b and a | ¢, then
a | b— c as well. This observation leads to the following useful corollary, whose proof is left as an
exercise (see Exercise 2.2.9).

Corollary 2.2.4 Ifa|r+s anda|r, then a]|s.

In other words, if a divides a sum of two integers and divides one of the two integers, then a
must divide the other.

Remark: It is an easy exercise to show that if a | b, then (—a) | b. Also, a | (=b), and (—a) | (—b).
Thus the sign of an integer has no effect on divisibility, and the divisors of an integer come in pairs
(a positive divisor and its negative). We will therefore usually consider only positive divisors of
non-negative integers. Keep in mind, however, that nearly all of the results we prove are valid for
negative integers as well.

82.2 Exercises
1. Show that if a | b, then
(a) (—a) [0,

(b) a|(=b),
(¢) (=a) [ (=b).

Use Definition 2.2.1 to prove that if a | b and ¢ is an integer, then a | be.
Use Definition 2.2.1 to prove that if a | ¢ and b | ¢, then ab | c2.

Find integers a, b, and ¢ such that a | be, but a1 b and a 1 c.

Find integers a, b, and ¢ such that a | ¢ and b | ¢, but ab { c.

Show that if ¢ # 0 and ac | be, then a | b.

I A T el

Prove the Combination Theorem (Theorem 2.2.3):
If a|band a|c then a| bz + cy for all integers x and y.

oo

Find integers a, b, and ¢ such that a | b+ ¢, but a{b and a t c.
9. Prove that if a | r+ s and a | 7, then a | s.

10. Use induction to prove that 4 | 5™ — 1 for all n > 1.

11. Use induction to prove that 5| 6™ — 1 for all n >

1.
12. Show that if @ is a fixed positive integer, then a | (a +1)" — 1 for all n > 1.
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2.3 Division Algorithm and Greatest Common Divisor

The following questions are intended primarily to prompt review of long division and lead to ideas
on the Division Algorithm, greatest common divisors, and the Fuclidean Algorithm. Try to answer
them before reading further.

Class Preparation Problems:

1. Use long division to find the quotient and remainder for the following division problems:
1027 =8
1737 +9

2. How do you know when the long division process is finished?

3. Write an equation relating 1027, 8, and the quotient and remainder from the division 1027 +8.
Do the same for 1737 and 9.

4. Characterize the property a | b in terms of the quotient and remainder in the division b + a.

5. Use a calculator to find the quotient and remainder for the following division problems:
5746 < 90
97635682 = 8923

6. Explain your method for finding the quotient and remainder in the problems above. Why
does your method work?

7. Devise a method for using subtraction to divide a positive integer b by a positive integer a to
find the quotient and remainder.

8. How would you define the greatest common divisor (GCD) of two integers a and b? Are any
restrictions on a and b necessary?

9. What methods do you know for finding the greatest common divisor of two integers? Make
up some examples using your methods.

10. Methods taught in school for finding the greatest common divisor of integers a and b usually
involve knowing all divisors or the prime factorizations of @ and b. Do these methods work
well for finding the GCD of 2145 and 5467 What about the GCD of 100980 and 1244887
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Long Division and the Division Algorithm

When we use long division to divide an integer b (the dividend) by an integer a (the divisor),
the process continues until the remainder is less than |a|. (Note that the word “divisor” has a
different meaning here than when we called a a divisor of b if a | b.) This guarantees the uniqueness
of the quotient and remainder — there cannot be two different correct answers to a long division
problem. The following theorem precisely states this property of division of integers. The Division
Algorithm is usually proved by using the long division procedure along with induction. The proof
is omitted here.

Theorem 2.3.1 (Division Algorithm) Ifa and b are integers with a > 0, then there exist unique
integers q and v satisfying b= qa +r and 0 < r < a.

Remarks:
1. The integer ¢ is called the quotient and r is the remainder on division of b by a.

2. The uniqueness of the remainder r is guaranteed by the condition that 0 < r < a. There are
many integers ¢ and r such that b = qa + r, but only one pair ¢, r also satisfying 0 < r < a.
This uniqueness will be of great importance to us in our further study of properties of the
integers.

3. In terms of rational numbers, the equation b = ga 4+ r can be rewritten as g =q+:.

condition that 0 < r < a guarantees that 0 < 7 < 1. Thus ¢ is the integer part of g and
the fractional part.

H

he

s
a

4. The condition that a | b is equivalent to the condition that the remainder r is 0.

5. It is not necessary to assume that a is positive in the Division Algorithm, if we assume that
a # 0 and replace the condition 0 < r < a with 0 < r < |a|]. We will usually only consider
division of positive integers, however, so assuming a > 0 will cause no serious problems.

The Division Algorithm is an extremely important theorem that will be the basis for much of
what follows.

Greatest Common Divisor

A common divisor of two integers a and b is an integer that divides both a and b (that is,
it is a divisor of both a and b). Naturally, the greatest common divisor of a and b is the largest
among all common divisors. The precise definition is as follows.

Definition 2.3.2 Let a and b be integers, at least one of which is not 0. The greatest common
divisor of a and b is the (positive) integer d satisfying

i. d|aandd|b,

ii. ifc|la and c|b, then ¢ < d.
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Remarks:

1. We use the notation (a,b) for the greatest common divisor of a and b. We also frequently use
the abbreviation GCD.

2. Since 1 | @ and 1 | b, condition (ii) of the definition implies d > 1. It is therefore not really
necessary to specify that the GCD is a positive integer in the definition.

3. Condition (i) of the definition says that d is a common divisor of a and b. Condition (ii) says
that d is larger than any other common divisor.

4. The GCD of two integers a and b is unique. (Exercise: Prove this.)

Finding all divisors of a and b and searching among them for the largest integer dividing both is
not practical for large numbers. It is also not computationally feasible to use methods that require
the prime factorizations of a and b, unless they are known ahead of time. A more computationally
efficient method is the Euclidean Algorithm, demonstrated in the following example.

Example: Find the GCD of 657 and 306.

Start by using the Division Algorithm to find the quotient and remainder when dividing 657 by
306. For each successive step, divide the divisor of the current step by the remainder of the current
step. Continue until the remainder is 0.

657 = 2x 306+ 45 (2.1)
306 = 6x45+ 36 (2.2)
45 = 1x36+49 (2.3)
36 = 4x9+0 (2.4)

Here 9 is the last non-zero remainder, and we claim that (657,306) = 9.

We first show condition (i) of the definition holds, that 9 | 657 and 9 | 306. Equation 2.4 above
implies 9 | 36 and by basic properties of divisibility we know 36 | 36. Thus Equation 2.3 and the
Combination Theorem together imply that 9 | 45. We now have 9 | 36 and 9 | 45, so Equation 2.2
and the Combination Theorem imply 9 | 306. Finally, since 9 | 45 and 9 | 306, Equation 2.1 and the
Combination Theorem imply 9 | 657. Hence (i) holds. (Note: We obviously could have shown that
9 divides both 657 and 306 by computation, but the method demonstrated here works to prove the
result in general.)

We next show that condition (ii) of the definition holds, that if ¢ | 657 and ¢ | 306, then ¢ < 9.
By the equations above, we have:

45 = 657 —2 x 306 (2.5)
36 = 306—6x45 (2.6)
9 = 45—1x36 (2.7)

If ¢ | 657 and ¢ | 306, then Equation 2.5 and the Combination Theorem imply that ¢ | 45. Equa-
tion 2.6 and the Combination Theorem then imply that ¢ | 36, and finally Equation 2.7 and the
Combination Theorem imply ¢ | 9. Hence by Theorem 2.2.2 (iv), we have ¢ < 9, and condition (ii)
holds.

We have shown that 9 satisfies the definition of the GCD of 657 and 306. Hence (657,306) = 9
as claimed. g
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The general method for finding the greatest common divisor of two integers is the Euclidean
Algorithm, described as follows.

Theorem 2.3.3 (Euclidean Algorithm) Let A and B be positive integers, with B > A. Use the
Division Algorithm to obtain the following system of equations:

B = Q1A+ Ry, O<Ri<A
A = (Q2R1+ Ro, 0< Ry < Ry

Ry = Q3Rs + Rg, 0< Rz < Ry

Rn—2 = Qan—l + Rn; 0< Rn < Rn—l
Rn—l = Qn-l—an-

The last non-zero remainder, R, , is the greatest common divisor of A and B.

Remarks:

1. The procedure used in the example above can be used to show that R, divides both A
and B, and if ¢ | A and ¢ | B then ¢ | R,, hence in particular ¢ < R,,. It then follows from
the definition that R,, = (A, B).

2. If d = (A, B), then by definition d is greater than any other common divisor. In the proof of
the Euclidean Algorithm, we see that in fact d is divisible by any other common divisor. This
stronger result will be stated more formally later.

We will give a more direct proof of the Euclidean Algorithm, using the following lemma and
induction.

Lemma 2.3.4 Ifa and b are non-zero integers, and q and r are integers such that b = qa+r, then

(b,a) = (a,r).

Proof. If ¢ | a and ¢ | r, then by the Combination Theorem, ¢ | ga + r; that is, ¢ | b. Conversely,
if ¢| b and ¢ | a, then ¢ | b — ga; that is, ¢ | r. Therefore, the set of common divisors of a and r
is precisely the same as the set of common divisors of b and a. The largest number in this set of
common divisors is then equal to (a,r) and to (b,a), hence (a,r) = (b, a). O

Proof of Theorem 2.3.3. We will first show that (B, A) = (R;, Riy1) foralli=1,...,n — 1. The
proof is by induction on 1.

By Lemma 2.3.4, B = Q1A + R; implies that (B, A) = (A, R;) and A = Q2R + Ry implies
that (A, R1) = (R1, R2). Hence (B, A) = (R1, R2) and the claim holds for i = 1.

Now assume the claim is true for ¢ = k; that is, (B, A) = (Rg, Rg4+1). Since

Ry = Qri2Ri+1 + Ri42,

Lemma 2.3.4 implies (Rg, Rix+1) = (Rk+1, Rg+2). Thus (B, A) = (Rg41, Rk+2), and the claim is
true for i = k + 1.
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By the Principle of Mathematical Induction, we therefore have that (B, A) = (R;, R;11) for all
i=1,...,n—1. In particular, (B, A) = (R,—1, Ry).

Finally, R, | R, and R, | R,—1 (as Ry—1 = Qn+1Ry), and if ¢ is any other common divisor,
then ¢ | Ry, and so ¢ < R,,. Hence (B, A) = (Ry—1, R,) = R, and the theorem is proved. O

Another important property of the GCD of two integers is that it can be written as a combination
of the integers in a particular way. In general, the remainder in each equation in the Euclidean
Algorithm can be written as a combination of the dividend and divisor of the equation. Working
backwards through the algorithm, we can then always write the GCD of ¢ and b as an integer
combination of a and b, that is, (a,b) = ax + by for some integers x and y. This result will be
stated formally and proved in the next section (see Theorem 2.4.5). The procedure is demonstrated
in the following example.

Example: We used the Euclidean Algorithm to find (657,306), and had the following equations:

657 = 2 x 306+ 45 (2.8)
306 = 6 x 45+ 36 (2.9)
45 = 1x3649 (2.10)
36 = 4x9+0 (2.11)

We begin with Equation 2.10, writing the remainder 9 as a combination of the previous dividend
45 and previous remainder 36. Continue the procedure with each previous equation:

9 = 45-1(36) by Equation 2.10,
= 45— 1[306 — 6(45)] by Equation 2.9,
= (—1)306 + 7(45)
— (=1)306 + 7[657 — 2(306)] by Equation 2.8,
—  7(657) — 15(306).

Thus we can write 9 = (657,306) = 657(7) 4+ 306(—15). O
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§2.3 Exercises

. Use long division to find the quotient and remainder for the following divisions, and write the

equation of the form b = ga + r for each.

(a) 4752 + 35
(b) 9976 + 43

. Use a calculator to find the quotient and remainder for the following divisions, and write the

equation of the form b = ga + r for each.

(a) 2351487 = 5726
(b) 84637851 + 7498

. Show that at least one of any three consecutive integers must be divisible by 3.

[Hint: Let b, b+ 1, and b+ 2 be the three consecutive integers. By the Division Algorithm
(Theorem 2.3.1), there are three cases to consider: b = 3¢, b = 3¢+ 1, or b = 3¢ + 2, for some
integer ¢.]

. Use the Euclidean Algorithm to find (2145, 546).
. Use the Euclidean Algorithm to find (3054, 162).
. Use the Euclidean Algorithm to find (5967, 1540).

. Use the Euclidean Algorithm to find (272,119) and then find integers x and y such that

(272,119) = 2722 + 119y.

. Use the Euclidean Algorithm to find (495,210) and then find integers x and y such that

(495, 210) = 4952 + 210y.

. Use the Euclidean Algorithm to find (264,189) and then find integers z and y such that

(264, 189) = 264z + 189y.

Use the Euclidean Algorithm to find (510,414) and then find integers z and y such that
(510, 414) = 5102 + 414y.

Show that if (a,b) =1 and ¢ | a, then (¢, b) = 1.

Show that if @ and b are integers, at least one of which is non-zero, then (—a,b) = (a,b).
[Hint: Let d = (—a,b) and show that d satisfies the conditions of Definition 2.3.2 for (a,b).]

Show that if @ and b are integers with a > 0 and a | b, then (a,b) = a.
[Hint: Show that a satisfies the conditions of Definition 2.3.2.]

Use Exercise 13 to show that if a and b are integers with a > 0, then the following hold:
(a) (a,0) =a,
(b) (1,b) =1,

(c) (a,a)=a.
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2.4 Properties of the Greatest Common Divisor

The following basic property of the GCD is easily verified using the definition of GCD and properties
of divisibility.

Proposition 2.4.1 Let a and b be integers with a > 0. If a | b, then (a,b) = a.

Proof. We show that parts (i) and (ii) of the definition of GCD (Definition 2.3.2) are satisfied by a.
Since a # 0, we know that a | @ (Theorem 2.2.2 (ii)), and we are given that a | b. Hence part (i) of
the definition holds with d = a.

Suppose now that ¢ is an integer such that ¢ | @ and ¢ | b. Since @ > 0 and ¢ | a, we have
¢ < a by Theorem 2.2.2 (iv). Hence part (ii) of the definition holds with d = a, and so (a,b) = a
as claimed. O

Applying the proposition to certain special cases, we get an immediate corollary.

Corollary 2.4.2 If a and b are integers with a > 0, then
i. (a,0) =a,
i. (1,b) =1,
iii. (a,a) =a.

Proof. Since a > 0, we have by Theorem 2.2.2 that a | 0, 1 | b, and a | a. Thus (i), (ii), and (iii),
respectively, follow from Proposition 2.4.1. O

We noted previously that the divisors of an integer and its negative are the same. Therefore
the signs of the integers a and b do not affect the GCD of a and b, and so the following proposition
holds.

Proposition 2.4.3 If a and b are integers, at least one of which is not 0, then
(a,b) = (a,—b) = (—a,b) = (—a, —b).

In an earlier example, we used the Euclidean Algorithm to show (657,306) = 9. In the process,
we actually showed that if ¢ | 657 and ¢ | 306, then not only is ¢ < 9, but in fact ¢ | 9. Moreover, we
showed that (657,306) could be written as an integer combination of 657 and 306. In particular,
we found that (657,306) = 9 = 657(7) + 306(—15). Both of these observations are true in general
and can be proved by working through the equations arising in the Euclidean Algorithm (see
Theorem 2.3.3), as demonstrated in the examples.

We will prove both of these properties of the GCD in another way, using the following important
characterization of the GCD.
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Lemma 2.4.4 Let a and b be integers, at least one of which is not 0. The GCD of a and b is the
smallest positive integer that can be written in the form ar + bs for integers r and s.

Proof. Let a and b be integers, at least one of which is not 0, and define the set
S ={ar+bs|r,s € Z and ar + bs > 0}.

Since at least one of a or b is non-zero, at least one of a, —a, b, or —b is positive and is therefore
in §. In particular, S is a non-empty set of natural numbers, hence has a smallest element d by the
Well-ordering Principle (Theorem 2.1.1). Since d € S, we have d = ax + by for some integers z, y.
The conclusion of the theorem is that this positive integer d is the GCD of a and b. We will
show that d satisfies parts (i) and (ii) of Definition 2.3.2, hence d = (a, b).
We first show (i), that d | @ and d | b. By the Division Algorithm (Theorem 2.3.1), we can write
a = qd + r for integers ¢ and r with 0 < r < d. Moreover, we can express r as

r=a—qd=a—qlax+by) = a(l —gx) + b(—qy).

Since 1 — gx and —qy are integers, if r > 0, then » € §. However, d was chosen as the smallest
element of S and r < d. Hence r is not an element of S, and so r = 0 and a = ¢gd. Therefore d | a.
The proof that d | b is nearly identical and is left as an exercise.

Finally, we show (ii), that if ¢ is an integer such that ¢ | @ and ¢ | b, then ¢ < d. Suppose ¢ | a
and ¢ | b. Since d = ax + by with z,y € Z, the Combination Theorem (Theorem 2.2.3) says that
¢ | d. Since ¢ | d and d > 0, it follows from Theorem 2.2.2 (iv) that ¢ < d as claimed. O

The two properties of the GCD mentioned above now follow easily from this lemma.

Theorem 2.4.5 If a and b are integers, at least one of which is not 0, then there are integers x
and y such that (a,b) = ax + by.

Proof. This follows immediately from Lemma 2.4.4. U

This theorem states that the GCD of @ and b can be written as an integer combination of a and b.
Note, however, that the GCD is not the only integer that can be written as such a combination.
For example, since 9 = 657(7) 4+ 306(—15), we also have 45 = 657(35) + 306(—75). In fact, any
multiple of 9 can be written as a combination of 657 and 306, as n -9 = 657(7n) + 306(—15n).

More generally, we have the following characterization of integers that can be written in the
form ar + bs, with r and s integers.

Corollary 2.4.6 Let a and b be integers, at least one of which is not 0. Let d = (a,b) and let m
be an integer. The integer m can be written in the form m = ar + bs, with r and s integers, if and
only if m is a multiple of d (that is, d | m).

Proof. If m = ar+bs for some integers r and s, then since d | @ and d | b, the Combination Theorem
implies d | m. Thus m is a multiple of d.

Conversely, suppose m is a multiple of d, so that m = nd for some integer n. Since d = ax + by
for some z,y € Z by Theorem 2.4.5, we have m = nd = a(nx) + b(ny), and nx, ny are integers.
Hence d can be expressed in the form ar + bs, with » = nz and s = ny integers. t

In particular, the fact that m = ar+bs for some integers r and s does not imply that m = (a, b).
It only implies m is a multiple of (a,b).
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Theorem 2.4.7 Let a and b be integers, at least one of which is not 0. If ¢ | a and ¢ | b, then
c| (a,b).

Proof. By Theorem 2.4.5, we can write (a,b) = ax + by with x,y € Z. If ¢ | a and ¢ | b, then by the
Combination Theorem, we have ¢ | az + by, and so ¢ | (a,b) as claimed. O

Thus, not only is (a,b) greater than any other common divisor of a and b, (a,b) is also divisible
by any other common divisor. By basic properties of divisibility, we know that if ¢ | (a,b), then
¢ < (a,b) as well (since (a,b) is positive). We could therefore obtain an alternate definition of the
GCD by replacing ¢ < d in condition (ii) by ¢ | d. This does not guarantee that d is positive,
however, so d > 0 would also have to be assumed. We state this equivalent characterization of the
GCD as a theorem.

Theorem 2.4.8 Let a and b be integers, at least one of which is not 0, and let d be a positive
integer. Then d = (a,b) if and only if

i. d|aandd|b, and

ii. ifc|a and c|b, then c|d.

Relatively Prime Pairs of Integers
To study further properties of divisibility and the GCD, we will consider a special case.
Definition 2.4.9 We say two integers a and b are relatively prime (or coprime) if (a,b) = 1.

Work through the following problems prior to reading further.

Class Preparation Problems:

1. Derive the consequences of Lemma 2.4.4, Theorem 2.4.5, and Corollary 2.4.6 in the case where
a and b are relatively prime.

2. Show that (5,8) = 1 and find integers x and y so that 5z + 8y = 1.

3. Express 2, —13, and 37 in the form 5r 4 8s, with r and s integers. Are there any integers m
that cannot be written in this form? Explain.

4. Suppose you want to put a certain number of gallons of water into a pool, and you only have
an 8 gallon bucket and a 5 gallon bucket (with no markings) to measure the water. How
could you measure 7 gallons of water into the pool? What about 11 gallons? For any positive
integer m, how could you measure m gallons into the pool?

5. Suppose now that you have only a 9 gallon bucket and a 12 gallon bucket. Could you measure
15 gallons of water into the pool? What about 20 gallons? What integer numbers of gallons
of water can be measured?
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6. What relationship between the bucket sizes is necessary in order to guarantee that every
positive integer number of gallons of water can be measured with two buckets? (Given
sufficient water supply, of course.)

7. Note that 6 = 132(8) + 105(—10). Can we conclude that (132,105) = 6?7 Why or why not?

8. Now note that 1 = 130(16) + 231(—9). Can we conclude that (130,231) = 1?7 Why or why
not?

9. Verify that (6,10) = 2. Also find the following GCDs:

(12,20) = (2-6,2-10)
(30,50) = (5-6,5-10)
(42,70) = (7-6,7-10)
(60,100) = (10-6,10-10)

Do these calculations suggest a general result?

10. Note again that (6,10) = 2. What is ($,12) = (3,5)? Observe also that (24,54) = 6. What

is (%, %) = (4,9)? Do these examples suggest a general result?

We now study further properties of the GCD and derive some consequences of previous theorems
in the case that a and b are relatively prime.

Theorem 2.4.10 If (a,b) = 1, then there are integers x and y such that ax + by = 1.
Proof. This is Theorem 2.4.5 with (a,b) = 1. O

Corollary 2.4.11 If (a,b) = 1 and m is any integer, then there are integers r and s such that
m = ar + bs.

Proof. Since (a,b) =1 and 1 | m for every integer m, this follows from Corollary 2.4.6. O

We saw before that in general m = ax+by, with 2 and y integers, does not imply that m = (a, b).
We were able to describe all integers that can be expressed in this form. If 1 = ax + by for some
integers x and y, however, we can conclude that (a,b) = 1. We get the converse of Theorem 2.4.10
in this special case.

Theorem 2.4.12 If there are integers x and y such that ax + by = 1, then (a,b) = 1.

Proof. Since 1 = ax + by with =,y € Z, it follows from Corollary 2.4.6 that (a,b) | 1. Hence by
Theorem 2.2.2 (v), (a,b) = %1, and since (a,b) > 0, we have (a,b) = 1. O
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The next results are the general theorems suggested by Problems 9 and 10 above.

Theorem 2.4.13 If (a,b) = d and m is any positive integer, then (ma, mb) = md; i.e. (ma,mb) =
m(a,b).

Proof. We are given that (a,b) = d and need to show that (ma,mb) = md. Therefore, by
Theorem 2.4.8, we need to show

i. md | ma and md | mb, and
ii. if ¢ | ma and ¢ | mb, then ¢ | md.

(i) Since (a,b) = d, we have d | a and d | b. Hence a = dr and b = ds for some r, s € Z. Thus
ma = (md)r and mb = (md)s, and so md | ma and md | mb.

(ii) Since (a,b) = d, we have d = ax + by for some z,y € Z, by Theorem 2.4.5. Therefore
md = (ma)z + (mb)y, and so if ¢ | ma ad ¢ | mb, then ¢ | md by the Combination Theorem. O

Theorem 2.4.14 If (a,b) = d, then (%,%) = 1.

Proof. Since (a,b) = d, both § and % are integers. Therefore, by Theorem 2.4.13,

d=(a,b) = (d-z,d-fl) —d- (ZZ)

Since d # 0, we can divide both sides of the equation by d to obtain 1 = (g, 7). O

Ul

Note that in general, both a and b must be divided by (a,b) in order to obtain a pair of relatively
prime integers. For example, (12,10) = 2 and, consistent with the theorem,

<122120) —(6,5) = 1.

(122 10) =(6,10) =2 # 1.

However,

On previous exercises, we showed that, in general, (1) a | be does not imply a | b or a | ¢, and
that (2) a | c and b | ¢ does not imply ab | c. We do get these implications if we add an appropriate
condition, however.

Theorem 2.4.15 (Euclid’s Lemma) If a | bc and (a,b) = 1, then a | c.
Proof. Since (a,b) = 1, we have 1 = ax + by for some z,y € Z, by Theorem 2.4.10. Thus

c ar + by)c

(
= (az)c+ (by)c
= a(xze) + (be)y.

Since a | @ and a | be, we have a | a(xc) + (be)y by the Combination Theorem, and hence a | ¢. 0O
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Theorem 2.4.16 Ifa|c andb|c, and (a,b) =1, then ab | c.

Proof. Since (a,b) = 1, we have 1 = ax + by for some z,y € Z, by Theorem 2.4.10. Since a | ¢ and
b | ¢, we have ¢ = am and ¢ = bn for some m,n € Z. Thus

¢ = c(ax+by)
= c(azx) + c(by)
= (ca)xr + (cb)y
= (bna)x + (amb)y
= ab(nx + my).
All of m, n, x, and y are integers and Z is closed under addition and multiplication, hence nx +my
is an integer. Thus ¢ = ab(nz + my) implies ab | c. O
These results can be generalized as in the following theorems. The proofs are nearly identical to
those of Theorems 2.4.15 and 2.4.16 above, and are left as exercises (see Exercises 2.4.2 and 2.4.3).
Theorem 2.4.17 If a | bc and (a,b) = d, then a | cd.
Theorem 2.4.18 Ifa|c andb| ¢, and (a,b) = d, then ab | cd.

§2.4 Exercises

1. Assume that 8 = (56,72) = 56(4) + 72(—3). Determine which of the following integers can
be expressed in the form 567 4+ 72s, with r and s integers. For those that can, find r and s,
and for those that cannot, explain why.

(a) —16 (a) 42 (¢) 70

(b) —28 (b) 64 (d) —88

2. Show that if a | bc and (a,b) = d, then a | cd; that is, prove Theorem 2.4.17.
[Hint: Adapt the proof of Euclid’s Lemma (Theorem 2.4.15), using the fact that d = ax + by
for some integers = and y.]

3. Show that if a | c and b | ¢, and (a, b) = d, then ab | cd; that is, prove Theorem 2.4.18.
[Hint: Adapt the proof of Theorem 2.4.16, using the fact that d = ax + by for some integers
x and y.]

4. Explain how you could measure out exactly 13 ounces of water given a 7 ounce cup and a 9
ounce cup. Is there any positive integer m for which it would be impossible to measure m
ounces of water? (Assume an unlimited supply of water.) Explain.

5. Which of the amounts of water below could be measured given a 6 ounce cup and a 9 ounce
cup, and which could not? Fully explain your answer.

(a) 3 ounces (c) 11 ounces

(b) 8 ounces (d) 21 ounces
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2.5 Prime Numbers
Work through the following questions prior to reading further.
Class Preparation Problems:

1. What is a prime number?

2. What is a composite number?

Is 1 a prime?

LS

Are there any even primes? If so, how many?

5. How can we determine if a number is prime or not? That is, given an integer n, how would
you go about deciding whether or not n is prime? Is it necessary to check all positive integers
less than or equal to n as potential divisors?

6. How many primes are there? Finitely many? Infinitely many?
7. Is there a largest prime number?

8. We have seen that in general, if a | bc then a may or may not divide b or ¢. If p is prime and
p | be, does p necessarily divide a or b7 Why or why not? Can you find an example where p
is prime and p | bc, but ptb and ptc?

9. If p is prime, can /p be a rational number?

10. If n is a positive integer, under what conditions is \/n a rational number? Can /n be rational
and not be an integer?

11. What is meant by the prime factorization of a positive integer?
12. Can every positive integer be written as a product of prime numbers?

13. Can a positive integer be written as a product of primes in more than one way (other than
the obvious variation of changing the order of the primes)?

Definition 2.5.1 An integer p > 1 is a prime number (or a prime) if the only positive divisors
of p are 1 and p. If an integer n > 1 is not prime, we say n is a composite number.

Remarks:

1. The first few primes are 2, 3, 5, 7, 11, 13, 17, 19, 23. The only even prime is 2, since every
even number has 2 as a factor.

2. The largest known prime is 243112609 _ 1 with 12,978, 189 digits, discovered in August 2008.

3. The websites www.mersenne.org and www.utm.edu/research/primes are excellent sources
for information on prime numbers.

4. An integer n > 1 is composite if and only if n = a- b, for some integers ¢ and b with 1 < a <n
and 1 < b < n.
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Theorem 2.5.2 (Prime Divisor Principle) If n is an integer and n > 1, then there is a prime p
that divides n.

Proof. Let S be the set of all divisors d of n with d > 1. Since n | n and n > 1, we have n € §
and so S is non-empty. By the Well-ordering Principle (Theorem 2.1.1), § has a smallest element,
say p. Thus p is the smallest divisor of n that is greater than 1. We will show that p is a prime.
Suppose p is not prime. Then, since p > 1, we have p = ab, where a and b are integers satisfying
l<a<pand1l <b<p Nowp=ab, soa|p, and we chose p to be a divisor of n, so p | n.
Thus by transitivity of divisibility (Theorem 2.2.2 (vii)), we have a | n. But 1 < a < p and p is
the smallest divisor of n greater than 1, a contradiction. Therefore, our assumption that p is not
prime must be false, and so p is prime. ]

In order to prove that a given positive integer n is prime using the definition, it is necessary to
verify that no integer a with 1 < a < n is a divisor of n. By the Prime Divisor Principle, it is only
necessary to determine whether each prime less than n is a divisor of n. The next results further
reduce the amount of work required.

Lemma 2.5.3 Ifn > 1 is a composite number, then there is a prime p with p | n and p < v/n.

Proof. Since n is composite, we know that n = ab for some a,b € Z with 1 <a <nand 1 < b < n.
We may assume without loss of generality that a < b. If a > /n, then we have b > \/n and so

n = ab > /ny/n =n,

a contradiction. Hence a < y/n.

By the Prime Divisor Principle, there is a prime p such that p | a. Since p | a and a | n,
Theorem 2.2.2 (vii) implies p | n. Since p | @ and a > 0, Theorem 2.2.2 (iv) implies p < a. We
showed that a < /n, hence p < /n. O

The following theorem is an equivalent restatement of the lemma.

Theorem 2.5.4 (Prime Test) Let n > 1 be an integer. If no prime p with p < \/n divides n,
then n is prime.

Proof. Since n > 1, either n is prime or n is composite. If n were composite, then Lemma 2.5.3
implies there would be a prime divisor p of n with p < y/n. By hypothesis, this is not the case,
and so n is prime. O

An ancient method for listing all primes up to a given number n is the Sieve of Eratosthenes.
First write down all the numbers from 2 up to n. Start by crossing out all multiples of 2. The first
number not crossed out is a prime (in this step, 3). Next cross out all multiples of this next prime.
Again, the next number not crossed out is prime. Continue this process until the next number
remaining is greater than /n. All of the numbers not crossed out are then primes.

Unfortunately, this method has several drawbacks. What possible drawbacks to this method
do you see?
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943,112,609

We mentioned above that the largest currently known prime is — 1. However, there

can be no absolute largest prime, as the following result of Euclid implies.
Theorem 2.5.5 There are infinitely many primes.

Proof. Suppose that there are only finitely many primes, say p1, p2, ps, - - -, pr are all of them. By
Theorem 2.5.2, the integer

n=py-p2-p3--pr+1

has a prime divisor p, which must be in the given list of primes, say p = p;. Now p | n and
Di|p1-p2-p3-- Dk, hence p | p1-p2 - ps- - pr. The Combination Theorem then implies

pln—pi-p2-p3-- Dk,

that is, p | 1. But this implies p = %1, contradicting the fact that p is prime. Hence our assumption
that there are only finitely many primes must be false. O

The next theorem is a special case of Euclid’s Lemma where the divisor is prime.
Theorem 2.5.6 (Euclid’s Lemma for Primes) If p is a prime and p | ab, then p | a or p | b.

Proof. Since p is prime and (p,a) is a positive divisor of p, we have that either (p,a) = 1 or
(p,a) =p. If (p,a) =1, then p | b by Euclid’s Lemma (Theorem 2.4.15). If (p,a) = p, then p | a by
definition of GCD. Hence either p | a or p | b. O

Corollary 2.5.7 Ifp is prime and p | ajag - - - ay, then p | a; for some i.

Proof. We proceed by induction on the number n of factors. If n = 1, the hypothesis becomes
p | a1 and the conclusion is obvious. Hence the result is true if n = 1.
Assume now that the result holds for n = k; that is,

if p|ajaz---ay then p| a; for some i =1,2,...,k (*)
and show that the result holds for n = k + 1; that is,
if p|ajas---agagyr then p | a; for some i =1,2,... k+ 1.

Let a = ajay---ap and b = agy1. If p | ajag---agags1, then p | ab. By Theorem 2.5.6, we have
that p | a or p | b. If p | @, then p | ajaz---ag, and by the inductive hypothesis (*), p | a; for

some ¢ = 1,2,...,k. If p| b, then p | agy1. Hence, in any case, p | a; for some ¢ = 1,2,...,k + 1.
Therefore, if the statement is true for n = k, then it is true for n = k 4+ 1, hence the result holds
for all n > 1 by the Principle of Mathematical Induction. O

Corollary 2.5.8 If p is prime and p | q1q2 - - - gn, where q1,q2,...,q, are primes, then p = q; for
some 1.

Proof. By the previous corollary, if p | q1g2- - - gn, then p | ¢; for some i = 1,2,...,n. Since ¢; is
prime, its only positive divisors are 1 and ¢;, and since p > 1, this implies p = ¢;. O
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A nice application of Euclid’s Lemma is one of the proofs of the irrationality of v/2, or more
generally of the square root of a prime.

Theorem 2.5.9 If p is a prime, then \/p is irrational.

Proof. Let p be prime and suppose ,/p is rational. We can then write /p = ¢, where a and b are
integers and the fraction is in lowest terms, that is, (a,b) = 1. It follows that a? = pb?.

We have p | a, or p | a-a, and so p | a by Theorem 2.5.6. Thus a = pm for some integer m,
and substituting in the equation above yields p?m? = pb®. Since p # 0 we can divide both sides of
this equation by p to obtain pm? = b?. As before, this implies p | b>, and so by Theorem 2.5.6, we
have p | b.

We have shown that the prime p divides both a and b, contradicting the fact that (a,b) = 1.
Hence our assumption that /p is rational must be false. ]

Using properties of the GCD, we can generalize this result to characterize the integers whose
square roots are rational.

Theorem 2.5.10 If n is a positive integer, then either n is a perfect square (that is, /n is an
integer) or \/n is irrational.

Proof. Let n € Z and suppose /n is rational. We can then write \/n = ¢ with (a,b) = 1, thus
a = by/n. By Theorem 2.4.10, 1 = ax + by for some integers x and y. Multiplying both sides of
this equation by y/n and substituting using a = by/n yields

vn = avnz+bV/ny
= (bVn)Vnz + ay

= bnz + ay.

Since a, b, n, x, and y are all integers and Z is closed under multiplication and addition, we have
that bnx + ay = y/n is an integer. We have shown that if \/n is rational, then y/n is an integer,
and the theorem follows. O

The next result is an extremely important property of integers (as the name suggests) that we
usually take for granted.

Theorem 2.5.11 (Fundamental Theorem of Arithmetic) Every integer n > 1 is either a
prime or is a product of primes. The expression of n as a product of primes is unique except for
the order in which the factors are written.

Proof. We first show such a factorization exists. By the Well-ordering Principle (Theorem 2.1.1),
if there is an integer greater than 1 that is mot a prime or a product of primes, then there is a
smallest such integer, say m. Since m > 1 and m is not prime, m = ab for some integers a and b
with 1 < a <m and 1 < b < m. By the minimality of m, each of a, b is either prime or a product
of primes. Hence ab = m is a product of primes, contradicting the choice of m. Therefore, our
assumption that there is an integer greater than 1 that is neither prime nor a product of primes
must be false.
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To prove uniqueness, suppose n can be written as a product of primes in two ways. Let
P1,P2,--.,pr be all of the distinct primes that appear in at least one of the two factorizations.
Writing products of repeated prime factors as powers, and recalling that pg = 1, we can write the
two factorizations in the form

a1, a2 b1, b2

n=pips? - pin = phiph? . pbr,

where a;,b; € Z and a; > 0, b; > 0 for all i (and, for each i, at least one of a;, b; is non-zero). We
must show that a; = b; for all i.

Suppose that a; # b; for some i. We may assume, without loss of generality, that ¢ = 1 and
b1 < a;. Dividing both factorizations by plil yields

a1—b1 as ar __ b

b "
pl p2...pr _p22...pr'

Now b1 < a1, hence a; — by > 0 and so p; divides the factorization on the left. By equality, we
must also have

b .
p1 | ph2 e plr.

By Corollary 2.5.8, this implies p; = p; for some 2 < j < r, contradicting the fact that p1,pa,...,pr
are distinct primes. Hence a; = b; for all ¢ and the expression of n as a product of primes is unique,
except for the order of the factors. O

By prescribing that the primes in a prime factorization be written in increasing order and
writing repeated products as powers, we obtain an absolutely unique prime factorization for each
integer greater than 1.

Corollary 2.5.12 FEwvery integer n > 1 can be expressed in exactly one way in the form
n=pi'ps - py,
where p1 < pa < --- < pp are primes and a; = 1 for all 7.

Definition 2.5.13 The expression of n as a product of prime powers satisfying the conditions in
Corollary 2.5.12 is called the canonical prime factorization of n.

Example: If n = 246, 960, then n can be written as a product of primes in various ways:

246,960 = 2-3-5-7-2-3-7-2-7-2

- 7.7.7.5.3.3.-2.2.2.9

= 7-5-3-2-7-3-2-7-2-2

= 2:2-2-2-3-3-5-7-7-7.
The theorem says that although we can rearrange the order of the product any way we like, every
expression of 246,960 as a product of primes will involve the primes 2, 3, 5, 7, and no others, and

there will be four factors of 2, two factors of 3, one factor of 5, and three factors of 7. Ordering the
primes and writing in terms of powers as in the corollary, we obtain the canonical prime factorization

246,960 = 2*.3%.5. 73,

which is unique. ]
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§2.5 Exercises

. Use the Prime Test (Theorem 2.5.4) to determine which of the following integers are prime.

(a) 157 (d) 667
(b) 239 (e) 2003
(c) 513

. Show that a 2-digit number n is prime if and only if n is not divisible by 2, 3, 5, or 7.
. Show that if n is a 3-digit composite number then n has a prime divisor p with p < 31.
. Use the Sieve of Eratosthenes to find all primes less than 100.

. Find the canonical prime factorizations of the following integers.

(a) 338
(b) 1547
(c) 2700

. Prove the following.

(a) If n is a perfect square, then every exponent in the canonical prime factorization of n is
even.

b) If every exponent in the canonical prime factorization of n is even, then n is a perfect
y exp p p
square.

. Without doing any calculations, explain why a right triangle cannot have sides with lengths

2, 3, and 3.6. Could there be a right triangle with sides of lengths 2, 3, and 3.6055512757
Explain.

. Show that if a right triangle has two sides of integer length, then the length of the third side

is either an integer or is irrational.
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2.6 Prime Factorizations and Divisibility

Work through the following problems prior to reading further.

Class Preparation Problems:

1. Find the prime factorizations of all positive divisors of 72 = 23 - 3% (namely, 1, 2, 3, 4, 6, 8,
9, 12, 18, 24, 36, and 72).

2. Find the prime factorizations of some non-divisors of 72. For example, find the prime factor-
izations of 16, 27, 32, and 54, which are all divisible by the same primes as 72, and the prime
factorizations of 15 and 20.

3. Compare the exponents in the prime factorizations of divisors and non-divisors of 72 with
those in the factorization of 72.

a1, a2 b1, bo

4. Suppose a = pi'p5* ---pi and b = p'py’ - -pbr, where p1, pa, ..., p, are distinct primes. Use
the examples above to make a conjecture about the conditions on the exponents that are
required in order that a | b.

5. How many positive divisors does 72 have? Write down all divisors of 180 with their prime
factorizations. How many are there? Can you use these examples to guess a formula for the
number of divisors of an integer in terms of its prime factorization?

6. What is meant by the least common multiple of two integers a and b7

7. Do you know or can you derive a formula for the greatest common divisor and least common
multiple of ¢ and b in terms of the prime factorizations of a and 6?7 Why does the formula
work?

8. How are the GCD and LCM of a and b related? Why?

In the canonical prime factorization of an integer, we require that all of the exponents be positive,
otherwise the factorization would not be unique. For example, 12 = 22.3 = 22.3.5% = 22.3.70.119.
When comparing two integers, however, it is often useful to allow the exponents to be zero so both
integers can be written as products of powers of the same primes.

Proposition 2.6.1 (Prime Factorizations for Comparison) Let a and b be positive integers
and let p1 < pa < --- < p, be all of the primes dividing a, b, or both. We can then write

a1, a2

a=p;'py’ - ppr andb:p?1p32~-p?r, with a; 2 0 and b; = 0 for all i.

Example: The canonical prime factorizations of a = 4116 and b = 94864 are
a=4116=22-3-7 and b=94864 = 2* - 72 112

Thus the distinct primes dividing a or b are 2, 3, 7, and 11. Notice that a does not have a factor
of 11 and b does not have a factor of 3. The Prime Factorizations for Comparison are then

a=4116=22-3-73.11° and b=94864 = 2*.3°.7%2.112.
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We can use this to characterize divisibility in terms of prime factorizations.

Theorem 2.6.2 Leta = pi'p5° - - - pt and b = p?lp? - pbr, with the p; distinct primes and a; > 0,
bi >0 for alli. Then a|b if and only if a; < b; for all i.

Proof. Suppose first that a | b, so that b = na for some integer n. If p is any prime divisor of n,
then p | n and n | b, hence p | b by Theorem 2.2.2 (vii). Therefore, every prime divisor of n is one
of the p;, and we can write n = p]*p5? - - p, where n; > 0 for each i.

Writing b = na in terms of the prime factorizations, we have

b1 b b r r
pi'py oy = (p'py? o) (YRS )
_ pvlz1+a1p7212+a2 . 'p:‘lr+ar’

and so b; = n; + a; for each i, by uniqueness of factorization (see Theorem 2.5.11). Since n; > 0
for each i, we have a; < n; + a; = b; for each 1.

Conversely, suppose a; < b;, so that b; — a; > 0, for each 7. Thus m = p?l_alpgr@ - pbrar
an integer. We then have

is

by, b .
b = pi'py-- 'PQ
b1— ba— r—Ur i
= (PR ) ()
= ma.
Hence b = ma and m € Z, and so a | b. 0

By the theorem, the positive divisors of b = plf pgz x ~p?r are all possible integers of the form

a = pi'py* - - - pir, where for each i, 0 < a; < b;.

Example: The positive divisors of 540 = 22 .33 . 5 are the integers of the form 2° - 37 . 5* with
0<1<2,0<7<3,and 0 <k < 1. These are as follows:

1=20.30.50 3=20.31.50 9=20.32.50 27 =20.33.50
2 =21.30.50 6=21.31.50 18=21.32.50 54 =21.33.50
4=292.30.50  12=2922.3L.50 36=22.32.50 108=2%2.3%3.50

5=20.30.51  15=20.31.5! 45 =20.32.51 135 =20.33.51
10=21.30.50  30=21.31.51 90=21.32.51  270=21.33.5!
20=22.30.51  60=22.31.51 180=2%2.32.51 540=2%2.3%.5!

The total number of positive divisors is obtained by multiplying the number of choices for each of
i, 7, and k, hence is 3-4-2 = 24. O

The number of divisors of b depends only on the exponents in the prime factorization of b.
Counting the number of possible combinations of exponents yields the following result.

Theorem 2.6.3 Ifb = pl{lpg2 ---pb is the canonical prime factorization of b, then the number of
positive divisors of b is (b1 +1)(ba +1)--- (b, +1).
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Proof. By Theorem 2.6.2, the positive divisors of b are all possible integers of the form

a=pi'py’-py,
where for each i, 0 < a; < b;. There are then b; + 1 choices for the exponent a;. The number of
positive divisors is the the total number of possible combinations of exponents, which is the product
of the number of choices for each exponent, i.e., (by + 1)(ba +1)--- (b, + 1). O

Note that this works even with the more general prime factorization above, since if b; = 0 for
some i, then b; + 1 = 1 and multiplying the number of divisors by b; 4+ 1 has no effect.
A concept closely related to the greatest common divisor is the least common multiple.

Definition 2.6.4 Let a and b be non-zero integers. The least common multiple of a and b is
the positive integer m, denoted m = [a,b], satisfying

i.a|lmandb|m,
ii. ifa|candb|c with c>0, then m < c.

Because any negative common multiple of a and b will be less than any positive one, we need
to include the condition that m is positive and to include ¢ > 0 in part (ii) of the definition.

Using the characterization of divisibility above, we can express both the GCD and LCM of a
and b in terms of prime factorizations.

Theorem 2.6.5 Leta = pj'p5? -+ p? andb = pll’lpg2 - pbr with the p; distinct primes and a; > 0,
b; = 0 for alli. Then

a. (a,b) = p‘flng - pdrwhere d; = min{a;, b;} for all i, and
b. [a,b] = p{"'py*? -+ p'r, where m; = max{a;,b;} for all i.

Proof. GCD: Let d = ]oclilpg2 -.p¥ where d; = min{a;,b;} for each i. We show that d = (a,b) by
showing that d satisfies parts (i) and (ii) of the definition of GCD (Definition 2.3.2).

(i) Since d; = min{a;,b;}, we have d; < a; and d; < b; for all i. Therefore, it follows from
Theorem 2.6.2 that d | a and d | b, and so (i) holds.

(ii) Let ¢ be a positive integer satisfying ¢ | a and ¢ | b. If p is any prime divisor of ¢, then by
Theorem 2.2.2 (vii), p must be one of the p;. Thus we can write ¢ = p{*p5? - - - p&r, where ¢; > 0 for
each 7. Since ¢ | a and ¢ | b, Theorem 2.6.2 implies that ¢; < a; and ¢; < b; for all i. Hence

C; < rnin{ai, bz} = di
for each ¢, and so ¢ | d, again by Theorem 2.6.2. Thus ¢ < d and (ii) holds.

LCM: Let m = p{"'py?---pi*, where m; = max{a;, b;} for each i. We show that m = [a,b] by
showing that m satisfies parts (i) and (ii) of the definition of LCM (Definition 2.6.4).

(i) Since m; = max{a;, b;}, we have m; > a; and m; > b; for all i. Therefore, it follows from
Theorem 2.6.2 that a | m and b | m, and so (i) holds.

(ii) Let ¢ be a positive integer satisfying a | ¢ and b | c¢. Each prime divisor of a or b will also
divide ¢, but ¢ may have other prime divisors as well. Thus we can write ¢ = p{*p5? - - - pS* - k, where

each ¢; > 0 and k is an integer such that p; 1 k for each i.
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Since a | ¢ and b | ¢, Theorem 2.6.2 implies that a; < ¢; and b; < ¢; for all i. Hence

m; = max{a;,b;} < ¢

for each 7. It follows that m | pi*p5? - - - pir, again by Theorem 2.6.2, and therefore that m | ¢, since

c1,.C2

pi'ps? - -pir | c. Thus m < ¢, as ¢ > 0, and so (ii) holds. O

Example: Let a = 1815156 = 22 -33 .75 and b = 3600 = 2% - 32 - 52. Writing a and b in terms of
the same primes, we have
a=2%.3.50.7°

b=2%.32.52.70

Hence, by the theorem,
(a,b) =22.3%.50.70

[a,b] = 2*-3%.5%.7°
and of course the GCD can be rewritten as (a,b) = 22 - 32. Notice also that

(a,b)[a,b] = (22-32.5°9.7%)(2*.3%.5%.79)
92+4 3243 5042 70+5

— 92+ g3+2 5042 4540

_ (22'33‘50_75)(24.32.52.70)

= a-b,
and so (a,b)[a,b] =a - b. O
We showed before that the GCD of two integers is divisible by any common divisor. Similarly,
any common multiple of two integers is a multiple of the LCM.

Corollary 2.6.6 Let a and b be non-zero integers and let m = [a,b]. If ¢ is any integer satisfying
alcandb|c, thenm|c.

Proof. This is shown in part (ii) for the LCM in the proof of Theorem 2.6.5. g

The characterization of the GCD and LCM in Theorem 2.6.5 implies a very important relation-
ship between the two numbers, as suggested in the example above.

Corollary 2.6.7 If a and b are positive integers, then (a,b) - [a,b] = a - b.

Proof. We use the notation of Theorem 2.6.5. For each i, d; = min{a;, b;} and m; = max{a;,b;}.
Hence d; is one of a; or b; and m; is the other. In any case, we have a; + b; = d; + m;. Therefore,

(a,b) - [a,0] = (p{'p§* - - p)PTpy - p)
_ ptmpdatme ik,
— p6111+b1p(212+b2 . .pgr—kbr
= (p'p5> - p )y ps? - pbr)
= a-b,

and so (a,b) - [a,b] = a-b. O
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Note that the corollary is equivalent to the statement that

a-b
(a,b)
Therefore, it is not necessary to know the prime factorizations of a and b in order to compute

the LCM. The Euclidean algorithm can be used to find (a,b), and then this formula allows us to
calculate [a, b] easily.

[av b] =

82.6 Exercises

1. Let n = 2'4.323. 5%, Determine whether each of the following integers divides n. Explain
your answers.

(a) a=2%-3% .52
(b) b= 213 . 322 . 534
(c) c=319.5%.7
2. Write out all positive divisors of 600 = 23 - 3. 52.
3. Determine the number of positive divisors of the following integers.
(a) 145546856 = 23 - 7% . 137
(b) 5384464553 = 13%-17 - 37
4. Determine the number of positive divisors of the following integers.

(a) 15125
(b) 33750

5. For the following pairs of integers a, b, find (a,b) and [a, b], and verify that (a,b) - [a,b] = a-b.

(a) a=25-5%-74.13% b =27.3%.73. 1117
(b) a=2%-32.5°.74.11,6=22.3.5°.77 .17

6. Given that (16191,8481) = 771, find [16191,8481]. Do not factor the integers. Explain your
answer.

7. Given that (25193,46787) = 3599, find [25193,46787]. Do not factor the integers. Explain
yOur answer.

8. Use the Euclidean algorithm to find the GCD and LCM of 963 and 657. (Do not factor.)

9. Use the Euclidean algorithm to find the GCD and LCM of 510 and 414. (Do not factor.)
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2.7 Congruence

Recall that the Division Algorithm (Theorem 2.3.1) says that if @ and b are integers with a > 0,
then there are unique integers ¢ and r with b = ga + r and 0 < r < a. This says that if we fix an
integer n > 0, then every integer m can be written in exactly one way in the form m = gn + r,
with r =0,1,2,...,n — 1 (and ¢ an integer).

Thus, for a fixed integer n, the remainder on division of m by n is uniquely determined by m.
We can therefore classify all integers according to their remainder on division by n, putting two
integers in the same category if they leave the same remainder on division by n.

For example, let n = 3. Every integer leaves a remainder of 0, 1, or 2 on division by 3. Hence
every integer can be written in exactly one of the forms 3k, 3k + 1, or 3k + 2, with k an integer.

Example: Show that every perfect square is of the form 4k or 4k + 1.
Proof. If n is a perfect square, then n = m? for some integer m. By the Division Algorithm, m is
of one of the forms 4q, 49+ 1, 49 + 2, or 4q + 3.

If m is of the form 4q, then

n=m? = (4¢)® = 164> = 4(4¢%).

Since k = 4¢? is an integer, n is of the form 4k.
If m is of the form 4q + 1, then

n=m?=(4q+1)* =16¢> + 8¢+ 1 = 4(4¢> + 2q) + 1.

Since k = 4¢® + 2q is an integer, n is of the form 4k + 1.
If m is of the form 4q + 2, then

n=m?=(4q+2)? = 16¢*> + 16q + 4 = 4(4¢*> + 4¢ + 1).

Since k = 4¢® + 4q + 1 is an integer, n is of the form 4k + 1.
If m is of the form 4q + 3, then

n=m?=(4g+3)2=16¢>+24¢+9 = (16¢> +24q +8) + 1 = 4(4¢> + 6¢ + 2) + 1.

Since k = 4¢® + 6q + 2 is an integer, n is of the form 4k + 1.
Therefore, in all possible cases, n is of the form 4k or 4k + 1. ]

Discussing integers “of the form nk + r” or “with remainder r on division by n” becomes
cumbersome very quickly. The following result gives an easier characterization of this idea.

Proposition 2.7.1 Let n be a positive integer. Two integers a and b leave the same remainder on
division by n if and only if n | a —b.

Proof. If a and b leave the same remainder on division by n, then a = gi1n +r and b = ¢on + r, for
some q1,q2 € Z. Thus

a—b:(QITH"’)—(an—H“):CJ1n+7“—QQn—7’:(Q1—(J2)n7
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and since ¢; — g2 is an integer, a — b = (¢1 — g2)n implies n | a — b.
Conversely, suppose n | a—b. By the Division Algorithm, we have a = ¢yn+7, and b = gan+ra,
for some ¢1,71,q2,7m2 € Z with 0 <71 < n and 0 < ro < n. Hence

a—b=(gn+r)—(@en+mr)=qgan+ri —g@n—re=(q —q@)n+ (r. —ra),

and so
r1—ry=(a—0b)— (g1 — g2)n.

Since n | a — b and n | n, the Combination Theorem implies n | r1 — 72, and so either 11 —re =0
or n < |r; — ra| by Theorem 2.2.2 (iv). However, because 0 < r; < n and 0 < o < n, we have
0 < |ry —ro| <mn, hence 1 —rg = 0 and 7 = o9 as claimed. O

Definition 2.7.2 Let n be a positive integer. We say integers a and b are congruent modulo n,
and write a = b (mod n), if and only if n | a — b.

The integer n in the definition is called the modulus, and will always be a positive integer.
The concept of two numbers being congruent is only of interest if the numbers are integers. Thus
whenever we use the notation a = b (mod n), it will always be assumed that n is a positive integer
and that a and b are integers, even if not explicitly mentioned.

The proposition above says that a = b (mod n) if and only if a and b leave the same remainder
on division by n. Moreover, we have the following equivalent conditions (the first being simply the
definition):

<= a and b have the same remainder on division by n
<= a and b have the same “form” gn +r

<= a=b+ cn for some c € Z

<= b=a+dn for some d € Z.

Example: 55 = 29 (mod 13) because 55 — 29 = 26 = 2 - 13. Observe also that

55 = 4(13)+3
29 = 2(13) +3,

so 55 and 29 have the same remainder, 3, on division by 13. We also have

55 = 29+2(13)
29 = 55+ (—2)(13).

Notice that 55 = 3 (mod 13) and 29 = 3 (mod 13); that is, each integer is congruent modulo 13 to
its remainder on division by 13. g
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The definition of congruence and the Division Algorithm imply the following basic properties
of congruence suggested in the example above.

Theorem 2.7.3 Ifn is a positive integer and a is any integer, then the following hold:
i. There is a unique integer r, with 0 < r < n — 1, such that a = r (mod n).
ii. a =0 (mod n) if and only if n | a.

Proof. (i) By the Division Algorithm, we can write a = gn + r for unique integers ¢ and r with
0<r<n-—1. Since a —r = gn, we have n | a —r and a = r (mod n).
(ii) By definition, a = 0 (mod n) if and only if n | a — 0, that is, n | a. O

Definition 2.7.4 The integer r with 0 < r < n —1 and a = r (mod n) is called the least (non-
negative) residue of a modulo n.

Note that the least non-negative residue of a modulo n is simply the remainder on division of a
by n. For example, 3 is the least non-negative residue of 55 (and of 29) modulo 13, as seen in the
example above.

The next theorem says that congruence is an equivalence relation on the set of integers (see
Definition 1.4.9).

Theorem 2.7.5 Ifn is a positive integer and a, b, and ¢ are any integers, then the following hold:
i. a =a(mod n).
ii. If a =b(mod n), then b = a(mod n).
iii. If a =b(mod n) and b = c¢(mod n), then a = ¢ (mod n).

Proof. (i) We have a —a = 0, and since n # 0, n divides 0. Hence n | a — a and a = a (mod n).
(ii) If @ = b(mod n), then n | a —b. Hence n | —(a —b), that is, n | b—a, and so b = a (mod n).
(iii) If @ = b(mod n) and b = c¢(mod n), then n | a —b and n | b — ¢. Therefore, by the

Combination Theorem, n | (a — b) + (b — ¢), and since (a — b) + (b — ¢) = a — ¢, we have n | a — c.

Hence a = ¢(mod n). O

Algebraic Properties of Congruence

Most of the manipulations that can be done with (integer) equations can also be done with
congruences. Our next result says that we can add or subtract the same integer on both sides of a
congruence, or multiply both sides of a congruence by the same integer.

Theorem 2.7.6 If a = b(mod n), then for any integer c,
i. a+c=b+c(modn)
ii. ac = be(mod n).

Proof. This is an easy exercise using the definitions and also follows from Theorem 2.7.7 below. [
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More generally, we can add, subtract, or multiply not just the same integer but also congruent
integers on both sides of a congruence.

Theorem 2.7.7 Let a =b(mod n). If ¢ = d(mod n), then
i. a+c=b+d(mod n)
ii. ac =bd(mod n).

Proof. (i) Since a = b(mod n) and ¢ = d(mod n), we have n | a — b and n | ¢ — d. By the
Combination Theorem, this implies n | (a—b)+ (¢—d), and since (a —b)+ (c—d) = (a+c) — (b+d),
we also have n | (a + ¢) — (b+d). Hence a + ¢ = b+ d (mod n) by definition of congruence.

(ii) Again, we know n | a — b and n | ¢ — d, and we need to show that n | ac — bd. Observe that

ac — bd = ac — bc + bc — bd = c¢(a — b) + b(c — d).

By the combination Theorem, n | ¢c(a — b) 4+ b(c — d), hence n | ac — bd, and so ac = bd (mod n) by
definition of congruence. 0

This theorem, along with induction, also implies that we can raise both sides of a congruence
to the same positive integer power.

Corollary 2.7.8 If a = b(mod n), then a* = bv* (mod n) for every positive integer k.

Proof. The statement is obviously true if £ = 1. Assume the statement is true for k = ¢; that is, if
a = b(mod n), then a’ = b* (mod n). By Theorem 2.7.7 (ii), these two congruences imply

a-a® =b-b" (mod n),

or equvalently aT! = b+ (mod n). Hence if the statement is true for & = ¢, then it is true for
k =4+ 1, and therefore it is true for all £ > 1 by the Principle of Mathematical Induction. O

Combining the results above, we obtain the following.

Corollary 2.7.9 If P(x) = cpz™ + cp12™ ' + -+ + c12 + ¢co is a polynomial in = with integer
coefficients and a = b(mod n), then P(a) = P(b) (mod n), that is,

Cn@" + Cp1a” Pt rat g = cpb® + cp 1V 4 -+ b+ ¢ (mod n).
Remarks:

1. We cannot divide both sides of a congruence by the same integer, or cancel an integer from
both sides, in general. For example, 2-7 =2 -3 (mod 8), but 7 # 3 (mod 8).

2. Similarly, we know that if a - b = 0, then a = 0 or b = 0, but the analogous statement for
congruences is false. For example, 3 -4 = 0 (mod 6), but 3 # 0 (mod 6) and 4 # 0 (mod 6).

The reason we cannot divide both sides of a congruence by an integer in general is that not
every integer has a multiplicative inverse modulo n. As we noted when discussing the properties of
our various number systems, division is actually multiplication by a multiplicative inverse.
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Definition 2.7.10 Let n be a positive integer. We say that an integer a has o multiplicative
inverse modulo n if there exists an integer r such that ra = 1 (mod n).

Suppose a is an integer with a multiplicative inverse r modulo n. In this case, we could multiply
both sides of a congruence by r in order to “divide” by a. Using the fact that there are integers r
and s such that ar +ns = 1 if and only if (a,n) = 1, we can characterize the integers that have
multiplicative inverses modulo n.

Theorem 2.7.11 Let n be a positive integer. The integer a has a multiplicative inverse modulo n
if and only if (a,n) = 1.

Proof. Suppose first that a has a multiplicative inverse r modulo n. We have ra = 1 (mod n), hence
n | ra — 1. Tt follows that ra — 1 = dn and a(r) + n(—d) = 1 for some integer d. Theorem 2.4.12
now implies (a,n) = 1.

Conversely, if (a,n) = 1, then Theorem 2.4.10 says there exist integers z and y such that
ar +ny = 1. Hence ax — 1 = (—y)n, and so n | ax — 1. Therefore, az = 1 (mod n) and z is a
multiplicative inverse modulo n. ]

Note that the multiplicative inverse of a modulo n, if it exists, is not unique. If r is an inverse
for @ and r = 7’ (mod n), then »’ is also a multiplicative inverse for a modulo n because, by
Theorem 2.7.7 (ii), r’a = ra = 1 (mod n).

For small values of a and n, an inverse of a can usually be found easily by trial and error. For
larger values, the Euclidean Algorithm can be used to find integers x and y so that ax +ny = 1,
and then x is an inverse of a as in the proof of the theorem.

Example: Since (9,14) = 1, there is a multiplicative inverse for 9 modulo 14.

We need to find an integer r such that 9r = 1 (mod 14), that is, such that 9 = m - 14 + 1 for
some integer m. The first few integers of the form m - 14 + 1 are 15, 29, 43, 57, 71, 85, and 99,
and we observe that 99 is the first of these divisible by 9. We have 9-11 =99 = 7- 14 4+ 1, hence
9-11 =1 (mod 14), and so 11 is a multiplicative inverse for 9 modulo 14. O

As noted above, it is the integers with multiplicative inverses modulo n that can be “cancelled”
from both sides of a congruence. This is stated more formally in the next theorem. This theorem
also implies that if » and 7’ are both multiplicative inverses for a modulo n, then r = ' (mod n).
Thus, even though the multiplicative inverse is not unique, all of the inverses must be congruent
modulo n.

Theorem 2.7.12 Let n be a positive integer and let a, b, and ¢ be integers. If ab = ac(mod n)
and (a,n) =1, then b = ¢(mod n).

Proof. Let ab = ac(mod n) and let (a,n) = 1. By Theorem 2.7.11, there is a multiplicative
inverse r for a. Hence r(ab) = r(ac) (mod n) by Theorem 2.7.7 (ii), so (ra)b = (ra)c(mod n), and
so1-b=1-c¢(mod n). Finally, this says b = ¢ (mod n), as claimed. O

The theorem above can also be proved directly using Euclid’s Lemma (Theorem 2.4.15). If
ab = ac (mod n), then n | ab — ac, hence n | a(b — ¢). By Eulcid’s Lemma, if (a,n) = 1, then this
implies n | b — ¢, and so b = ¢ (mod n).
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Similarly, the following corollary is simply Euclid’s Lemma stated in the language of congru-
ences, as ab = 0 (mod n) means n | ab and b = 0 (mod n) means n | b.

Corollary 2.7.13 Let n be a positive integer and let a and b be integers. If ab = 0(mod n) and
(a,n) =1, then b =0 (mod n).

The next corollary is the restatement of Euclid’s Lemma for Primes (Theorem 2.5.6) in the
language of congruences. It says that if the modulus is a prime, then the situation in Remark 2
above cannot happen.

Corollary 2.7.14 Let p be a prime number and let a and b be integers. If ab = 0(mod p), then
a =0 (mod p) or b=0(mod p).

Modular Arithmetic and the Ring Z,

You may be familiar with “modular arithmetic” or “clock arithmetic” modulo n using the set
of integers N = {0,1,...,n — 1}. This set is a complete set of residues mod n by Theorem 2.7.3;
that is, every integer is congruent modulo n to exactly one integer in the set.

In modular arithmetic, we define addition and multiplication on N as follows. For a and bin IV,
a+b is the unique element s of N such that a+b = s (mod n), and ab is the unique element m of N
such that ab = m (mod n). This is sometimes called “clock arithmetic” because addition of times
on a clock is simply addition modulo 12 (but with 12 replacing 0 in N, since 12 = 0 (mod 12)).

It can be shown that that NV is a commutative ring with 1 under the operations of addition and
multiplication modulo n. The proof is rather tedious and somewhat tricky, however, due in part to
the requirement that we reduce sums and products modulo n to get an element of N. This is similar
to problems encountered in proving that the set Q of rational numbers is a field, arising from the
existence of many equivalent expressions of a given fraction. As with our formal construction of the
rational numbers in §1.5, we can use equivalence classes to construct a ring algebraically equivalent
(i.e., isomorphic) to N. An advantage of this alternate construction is that the proof that it yields
a ring is much more straightforward.

Recall that Theorem 2.7.5 implies that congruence modulo n is an equivalence relation. The
set of equivalence classes will be the underlying set for our ring construction.

Definition 2.7.15 Let n be a positive integer. The congruence class a of an integer a modulo n
is the equivalence class of a under the equivalence relation =, thus

a={beZ|a=b(modn)}.
The set Z, = {a | a € Z} of congruence classes modulo n is called the set of integers mod n.
We must define the operations of addition and multiplication on the set Z,.

Definition 2.7.16 For @ and b in Z, we define addition (+) and multiplication (-) by

a+b=a+b

and

S|
SH
I
S]
S
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For example, if n = 7, then 4+5 = 9 = 2 and 4-5 = 20 = 6. Note, however, that there are many
different representatives for a given congruence class (see Proposition 1.4.11). The definitions of
addition and multiplication seem to depend on the class representative. For n = 7, we have 4 = 11
and 5 = 19. If we use 11 and 19 as class representatives in place of 4 and 5, respectively, we get
11419 =30 =2 and 11-19 = 209 = 6. In this case, we get the same sum and product using either
set of representatives.

In fact, this is true in any case. It follows from Theorem 2.7.7 that addition and multiplication
are well-defined in Z,, as stated in the following result.

Proposition 2.7.17 The operations of addition and multiplication in Zy, are well-defined. That
s, ifa=ad and b=V, thena+b=a +b anda-b=ad - V.

Proof. If @ = a’ and b = V/, then a = @/ (mod n) and b = b’ (mod n). By Theorem 2.7.7, we have
a+b=d +V (modn)and a-b=da -V (mod n) and therefore

and

as claimed. 0.

Using the definitions of addition and multiplication in Z,, and the fact that Z is a commutative
ring with 1, it is straightforward to verify the next theorem.

Theorem 2.7.18 The set Z,, under the operations defined in Definition 2.7.16 satisfies properties
(i)—(ix) and (xi) of Definition 1.3.1 and is therefore a commutative ring with 1.

There is an interesting difference between the rings Z,, and Z. As you are aware, for a and b
in Z, we have ab = 0 if and only if @ = 0 or b = 0. This is not the case in Z,,. For example, in Zg,
we have 3 #0and 4 # 0, but 3-4=12=0.

In particular, this implies Zg cannot be a field. If 3 had a multiplicative inverse 7, then we
would have

0 7-0
= ?(31)
= (7-3)-4
— 1.1
= 4

so that 4 = 0, a contradiction.

More generally, if n is not a prime, we can write n = ab, where a and b are integers with
l<a<nandl<b<n Thus@#0and b #0, but a-b=n = 0. Hence, if n is not a prime,
then 7Z,, is not a field.

This also follows from Theorem 2.7.11, which essentially describes the elements of Z,, that have
multiplicative inverses.
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Theorem 2.7.19 Let n be a positive integer. An element @ of Z,, has a multiplicative inverse (i.e.,
an element T with 7 -a = 1) if and only if (a,n) = 1.

(What are their inverses?)

Now Z,, is a field if and only if every non-zero element has a multiplicative inverse, so if and
only if every integer not divisible by n is relatively prime to n. This holds if and only if n is prime.
We therefore have the following result.

Theorem 2.7.20 Let n be a positive integer. The ring Z,, is a field if and only if n is a prime.

This theorem gives us an infinite family of finite fields Z,, p a prime, in addition to the infinite
fields Q, R, and C.

82.7 Exercises

1. Find the least non-negative residue of the given integer (that is, find » with 0 <7 <n—1, so
that a = r (mod n)).

(a) 46735, mod 7 (c) 56485, mod 4 (e) 65386, mod 19
(b) 458, mod 37 (d) 11466, mod 21
2. Show that every perfect square is congruent to 0, 1, or 4 modulo 8.

3. Show that if a, b, and ¢ are integers such that a® + b?> = ¢?, then at least one of a or b must
be even. [Hint: Use the Example on page 67.]

(Note: This also says that if a right triangle has sides of integer lengths, then at least one of
the legs must be of even length.)

4. Show that if @ = b (mod n) and m | n, then a = b (mod m).
[Hint: Use the definition of congruence and basic properties of divisibility.]

5. Show that if @ = b(mod n) and c is a positive integer, then ca = ¢b (mod cn).
[Hint: Use the definitions of congruence and divisibility.

6. By Corollary 2.7.8, if @ = b(mod n), then a* = b* (mod n) for any positive integer k. Show
that the converse is false by finding integers a, b, and n such that a? = b? (mod n) but
a # b(mod n).

7. Use induction to show that 4™ = 3n 4 1 (mod 9) for all n > 0.
8. Use induction to show that 22" + 1 = 5 (mod 12) for all n > 1.

9. Let n be a positive integer, a an integer, and let @ be the congruence class of a modulo n.
Show that @ = {a + kn | k € Z}.

10. Show that Z,, has precisely n elements.

11. Determine which elements of Z1y have multiplicative inverses, and find the inverse of each.
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2.8 Congruence and Divisibility Tests
Any non-negative integer m can be written in the form
m = dkdk—l e dgdldo,

where dj is the ones or units digit of m, d; is the tens digit, do is the hundreds digit, and so forth.
In this notation,

m=dpdy_1...dodydy = dp - 10 +dj_1 - 1051 + -+ dy - 10% + dy - 10" + dp - 10°.

We will refer to dj, as the first digit of m and dy as the last digit of m.

Example: The integer m = 725986 has k = 6 digits,
m=7-10°+2-10*+5-10>4+9-102 + 8- 10" + 6 - 10°,

and we have

d5:7, d4:2, d3:5, d2:9, d1:8, andd0:6,

in the notation above. OJ

Notation: In all of the results below, m = dpdg_1...dod1dy denotes a positive integer and
di,dg_1,...,d1,dy are the digits of m.

There are nice shortcuts for finding the least residue of an integer modulo some small integers,
and therefore for determining when an integer is divisible by these small integers. The corollaries
below give tests for divisibility by 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, and 13.

Congruence and Divisibility by Powers of 2, 5, and 10

We first consider congruence and divisibility by powers of 2, 5, and 10. The tests for all of these
are based on the fact that 2, 5, and 10 all divide 10, so that 2" | 10¢, 57 | 10, and 10™ | 10° for all
£ > n. The idea behind the proofs of the tests is demonstrated in the following examples.

Examples: Let m = 578551 and find the least non-negative residue of m modulo 4, modulo 125,
and modulo 10000.

1. Residue modulo 4 = 22: Observe that 22 | 102, i.e., 4 | 100, so that 100 = 0 (mod 4). Hence

m = (5785)(100) + 51
5785 - 0+ 51 (mod 4)
51 (mod 4)

= 3(mod 4),

since 51 = 12 -4 4 3. Therefore, the least non-negative residue of m modulo 4 is 3.
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2. Residue modulo 125 = 53: Observe that 53 | 103, i.e., 125 | 1000, so that 1000 = 0 (mod 125).
Hence

m = (578)(1000) + 551
= 5780+ 551 (mod 125)

= 551 (mod 125)
= 51 (mod 125),

since 551 = 4 - 125 4+ 51. Therefore, the least non-negative residue of m modulo 125 is 51.
3. Residue modulo 10000 = 10*: Obviously, 10* | 10%, so that 10000 = 0 (mod 10000). Hence

m = (57)(10000) + 8551
57 -0 4 8551 (mod 10000)
8551 (mod 10000).

Therefore, the least non-negative residue of m modulo 10000 is 8551. g

The first theorem says that m is congruent modulo 2", 5", and 10" to the number made up of
the last n digits of m.

Theorem 2.8.1 If m = dgdi_1...ded1dy and n is a positive integer, then the following hold:
i. m=dy_1dy—2...dadidy (mod 2"),
ii. m=d,—1dp—2...dad1dy (mod 5"),
iii. m =d,—1dp—2...dad1dp (mod 10™).
Proof. Observe that since 2 -5 = 10, we have 2" - 5" = 10", and moreover for ¢ > n,
10° = 2¢.5¢ = (27 . 5™) (207 . 5Em,

Since 267" . 57" is an integer, this implies 27, 57, and 10" all divide 10¢, and so 10¢ is congruent
to 0 modulo each of 27, 5™, and 10", for all £ > n. Therefore, if Z is any one of 27, 5, or 10", then

m = dydy_...dadydy

dp - 10F +djp_1 - 10" 4o 4 dpy - 10" 4+ dpp_y - 10" 4 dy - 101 4 dp - 10°
dr-0+dp_1-0+4-+dp-04dpq1-10" - 4dy - 10" + dp - 10° (mod Z)
0+0+ - +0+dy—1-10"" 4+ +dy - 10" +dp - 10° (mod 2)

dp1-10" 1 4o 4 dy - 10 4+ dp - 10° (mod Z)

dp—1dp—2 . ..dad1dy (mod 7).

Hence m = dy_1dp—2 ... dod1dg (mod Z) for Z = 2", Z = 5", or Z = 10", as claimed. O

In particular, notice that since 0 < d,,_1d,_2...dsd1dg < 10", this number made up of the
last n digits of m is precisely the least non-negative residue of m modulo 10™.
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Examples: The Theorem says that for m = 578551 we know immediately that

m = 51 (mod 2?),
m 551 (mod 5%),
m = 8551 (mod 10%),

without having to do the initial computations we did in the examples above. ([l
Recalling that Z | m if and only if m = 0 (mod Z), we have the following corollary.

Corollary 2.8.2 Let m and n be positive integers and let Z be one of 2™, 5", or 10™. Then Z | m
if and only if Z divides the number made up of the last n digits of m.

We obtain divisibility tests for 2, 5, and 10 by taking n = 1 in the corollary above.
Corollary 2.8.3 (Divisibility Tests for 2, 5, and 10)
If m = dgdg_1 .. .dadrdg, then the following hold:
i. 2| m if and only if dy is even,
ii. 5| m if and only if dy =0 or dyp =5,
iii. 10 | m if and only if dy = 0.

Proof. By Corollary 2.8.2, one of 2, 5, or 10 will divide m if and only if it divides the last digit,
do, of m. Thus 2 | m if and only if dy is divisible by 2, i.e., is even. Hence (i) holds. Since 0 and 5
are the only one-digit numbers divisible by 5, and 0 is the only one-digit number divisible by 10,
statements (ii) and (iii) hold. O

More generally, observe that Corollary 2.8.2 implies 10" divides m if and only if the last n digits
of m are all 0.
Divisibility tests for 4 and 8 follow from Corollary 2.8.2 by taking n = 2 and n = 3, respectively.

Corollary 2.8.4 (Divisibility Tests for 4 and 8)
If m = dgdg_1 .. .dadrdg, then the following hold:
i. 4| m if and only if 4 | didy,

ii. 8| m if and only if 8 | dad1dy.

Examples:
1. Since 4 154, we have that 4 1 18756256554.
2. Since 8 | 744 (check!), we have that 8 | 917863265744.
3. Since 625 | 4375 (check!) and 625 = 5%, we have that 625 | 174235914375. O
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Congruence and Divisibility by 3 and 9

The proofs of the tests for congruence modulo 3 and 9 use the fact that 10 = 1 (mod 3) and
10 = 1 (mod 9), hence 10° = 1 (mod 3) and 10° = 1 (mod 9) for all £ > 1.

Theorem 2.8.5 Ifm = dkdk,1 PN dgdldo, then
mEdk—i-dk,l+"'+d2+d1+d0(m0d 3)

and
mEdk—l—dk_l—i—---—l—dg—i—dl+d0(mod9);

that is, m is congruent to the sum of its digits modulo 3 and modulo 9.

Proof. We have 10 = 1 (mod 3) and 10 = 1 (mod 9), hence by Corollary 2.7.8,
10° = 1* =1 (mod 3) and 10° =1 =1 (mod 9)

for every positive integer £. Hence if Z =3 or Z =9, then

m = dydy_1...dsdrdy

= dp- 108 +dp_1 - 10" 4o 4 dy - 10 4 dy - 101 4 dp - 10°
di - 14dp_1-1+---+dy-1+dy-14do-1(mod Z)
dp +dg—1+ - +da + di + dp (mod Z),

as claimed. OJ

Again recalling that Z | m if and only if m = 0 (mod Z), we have the following corollary.
Corollary 2.8.6 (Divisibility Tests for 3 and 9)
If m = dgdi_1 ...dadydy, then the following hold:

i. 3| mif and only if 3| dy +di—1 + -+ + da + d1 + do,

il. 9| m if and only if 9| dp +di—1 + -+ da + dy + do.

In other words, 3 divides m if and only if 3 divides the sum of the digits of m, and 9 divides m if
and only if 9 divides the sum of the digits of m.

Examples:
1. If m = 7854623, then
m=7+8+5+44+6+2+3=35=2(mod 3)

and
m=7+8+5+4+6+2+3=35=8(mod9).

In particular, 3 1 7854623 and 9 1 7854623.
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2. If m = 1748235, then
m=1+74+4+8+2+3+5=30=0(mod 3)

and
m=1+74+4+8+4+2+3+5=30=3(mod9).

In particular, 3 | 30, so 3 | 1748235, but 9 1 1748235. O

Since (2,3) = 1 and (4,3) = 1, we can use Theorem 2.4.16 and combine the divisibility tests for
2 and 3 and for 4 and 3 to obtain divisibility tests for 6 and 12, respectively.

Corollary 2.8.7 (Divisibility Tests for 6 and 12)

If m = dgdg_1 .. .dad1dy, then the following hold:
i. 6| m if and only if dy is even and 3 | d + dp—1 + - -+ + da + d1 + do,
ii. 12| m if and only if 4| didy and 3 | d + dp—1 + - -+ + do + d1 + dp.

Proof. Since (2,3) = 1, Theorem 2.4.16 says that 2 -3 | m if and only if 2 | m and 3 | m. Similarly,
since (4,3) = 1, we have 4-3 | m if and only if 4 | m and 3 | m. Hence 6 | m if and only if m passes
the divisibility tests for both 2 and 3, and 12 | m if and only if m passes the divisibility tests for
both 4 and 3. U

Congruence and Divisibility by 11

The tests for congruence modulo 11 and divisibility by 11 are based on the fact that 10 is
congruent to —1 modulo 11. We will require the following notation. For m = dpdi_1...d2d1dy a
positive integer, denote

A=dy—dy+dy—dg+-+ (D" oy + (—DFde = > di = D d.

i even j odd

Thus A is the alternating sum of the digits of m. Note that the signs alternate beginning with a
plus for dy and a minus for dy.

Theorem 2.8.8 If m = dydi_1 . ..dad1dy, then m = A (mod 11).

Proof. We have 10 = —1 (mod 11), hence by Corollary 2.7.8, 10° = (—1)¢ (mod 11) for all £ > 0.
Thus 10° = 1 (mod 11) if £ is even and 10° = —1 (mod 11) if £ is odd. Therefore, we have

m = dpdg_1...dadydg
d - 107 4 dp_1 - 1071 oo 4+ d3 - 103 + dy - 107 + dy - 10" + dg - 10°

(=D + dp 1 ()P b d3 (1) + da(—1)2 4 di (1) + do(—1)° (mod Z)
(=D*dy, + (=1)* 'y + -+ —d3 +do — dy + dp (mod Z)

A (mod Z),

as claimed. O
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Recalling as before that Z | m if and only if m = 0 (mod Z), we obtain a divisibility test for 11.

Corollary 2.8.9 (Divisibility Test for 11)
If m = dpdg_1 .. .dod1dp, then 11 | m if and only if 11 | A.

When computing A to test for congruence modulo 11, it is essential to add the digits in the
places corresponding to even powers of 10 and subtract those in the places corresponding to odd
powers of 10. Adding and subtracting in the other order yields —A. While this is not relevant for
the divisibility test (as 11 | —A if and only if 11 | A), it is important in order to correctly determine
the congruence of m modulo 11.

Examples:

A = 4-346-1+2-T7T+5-8+3-2
= (34+5+24+6+4)—(2+8+T7+1+3)
= 20-21
= -1

Hence m = —1 = 10 (mod 11), and so the least non-negative residue of 2385721634 mod 11
is 10. In particular, 111 2385721634.

A = 4-446-T+2-8+3-9+2
— (24342+46+4)—(9+8+7+4)
= 17-28
= —11.
Hence A = —11 and 11 | A, and so 11 | 293827644. O

Congruence and Divisibility by 7 and 13

The essential fact behind the tests for congruence modulo 7 and 13 is that 1001 = 7 - 11 - 13,
hence 103 = —1(mod 7) and 103> = —1(mod 13). We will require the following notation. For
m = dpdp_1 . ..d2d1dy a positive integer, denote

T = (100d2 + 10d; + do) — (100d5 + 10d4 + dg) + (100d8 + 10d7 + d(j) — -
= Z (100d3;+2 + 10dgit1 + ds3;) — Z (100d3;42 + 10d3j41 + d3;)

i even j odd
or, writing 100a + 10b + ¢ as the three-digit number abc,
T = (dgdldo) — (d5d4d3) + (d8d7d6) —
= Z d3it2d3iy1d3; — Z d3jyods;1ds;

1 even j odd

Thus T is the alternating sum of triples of digits of m. Note that dod;dg, for example, is a three-digit
number and is not equal to dy + di + dy or ds - dy - dy.



2.8. CONGRUENCE AND DIVISIBILITY TESTS 81

Theorem 2.8.10 If m = dydg_1 ...dad1dy, then m =T (mod 7) and m =T (mod 13).

Proof. Since 103 = 7-11-13 — 1, we have 103 = —1 (mod 7) and 10? = —1 (mod 13). Hence, by
Corollary 2.7.8, it follows that

103 = (=1)* (mod 7) and 10% = (—1)* (mod 13).

Let Z = 7 or Z = 13. we then have 10% = 1 (mod Z) if £ is even and 10%* = —1 (mod Z) if £ is
odd. Notice also that

dspro - 1032 £ dgpry - 1037  dgp - 103 = (100 - dspp + 10 - dggq + dsg) - 10%.

By appending zeros to the left of the number m if necessary, we may assume that k£ = 3r + 2 for
some non-negative integer r. We then have

m = dydy_1 ...dsdrdgdsdsdsdadid
= d3r42d3r41d3r . . . dgdrdedsdadsdadidy
= dgpyo- 1032 fdzyq - 1037 £ d3, - 1037 4+ - 4+ dg - 10% 4 dy - 107 + dg - 10°
+ds-10° +dy - 10 4+ d3 - 103 + dy - 10% + dy - 101 + djp - 10°

= (100d3, 19 + 10d3, 41 + d3,) 103" + - - - 4 (100dg + 10d7 + d)10°
+ (100d5 + 10d4 + d3)10® + (100da + 10d; + dg)10°

(100d3, 12 4 10d3,4 1 + ds, ) (—1)" + - - - + (100dg + 10d7 + dg)(—1)?
+ (100d5 + 10dy + d3)(—1)* 4 (100dg + 10d; + do)(—1)° (mod Z)

= (=1)"(dsry2dsri1dsr) + - - + (dsdrds) — (dsdads) + (d2d1dp) (mod Z)
= T (mod 2),

as claimed. OJ

Recalling as before that Z | m if and only if m = 0 (mod Z), we obtain divisibility tests for 7
and 13.

Corollary 2.8.11 (Divisibility Tests for 7 and 13)
If m = dgdg_1 .. .dadrdy, then the following hold:

i. 7| m if and only if 7| T,

ii. 13| m if and only if 13 | T.

As with the computation of the alternating sum A, it is essential to compute T" using the correct
signs in order to apply the tests for congruence modulo 7 and 13. Note also that since 11 | 1001,
we also have m = T (mod 11) and 11 | m if and only if 11 | 7. This test is much less convenient
than the tests for 11 given in Theorem 2.8.8 and Corollary 2.8.9, however.
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Example: Let m = 23,587,614,934. Since the number of digits is not divisible by 3, we can
append a 0 on the left to obtain m = 023, 587,614,934, where the triples of digits that are added
in the alternating sum are underlined. We have

T = 934— 614+ 587 — 23
= (5874 934) — (23 + 614)
— 1521 — 637
— 884

Hence m = 884 = 2 (mod 7), since 884 = 126 - 7 + 2, and therefore the least non-negative residue
of 23,587,614, 934 modulo 7 is 2. In particular, 7t 23,587,614, 934.

Also, m = 884 (mod 13). Since 884 = 68 - 13, we have 13 | 884, hence m = 0(mod 13) and
13| 23,587,614, 934. O

It is also possible to combine tests we have derived to obtain divisibility tests for 14 and 15 (see
the exercises), giving us divisibility tests for all positive integers up to 16.

§2.8 Exercises

On Exercises 1-4, use the theorems on congruence modulo 27, 3, 7, 9, 11, and 13 to find the
least non-negative residues of the given integers. Justify your answers.

(¢) ¢ = 28473265918, mod 7
(d) d = 28473265918, mod 13

1. (a) a = 476532189318, mod 4
(b) b= 23765981235, mod 8
(¢) ¢ = 351487629538, mod 16
2. (a) a = 472356734512, mod 3
(b) b= 472356734512, mod 9
(¢) ¢ = 324562783713, mod 3
(d) d = 324562783713, mod 9
3. (a) a = 34781526247, mod 11
(b) b= 123456789012, mod 11
(¢) ¢ = 632475268196, mod 11
4. (a) a = 347815623107, mod 7
(b) b= 347815623107, mod 13
)
)
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5. Use the divisibility tests for 2 and 7 to derive a test for divisibility by 14. Prove that the test
is valid.

6. Use the divisibility tests for 3 and 5 to derive a test for divisibility by 15. Prove that the test
is valid.

7. Use the divisibility tests for 2 and 9 to derive a test for divisibility by 18. Prove that the test
is valid.

8. Show that a positive integer m = dpdg_1 ... d2d1dy is divisible by 20 if and only if the number
d1dp made up of the last two digits of m is divisible by 20, or, equivalently, that 20 | m if and
only if d; is even and dg = 0.

On Exercises 9-13, determine which, if any, of the given integers a, b, ¢ are divisible by the
indicated integer n. Show your work and justify your answers.

9. Determine if divisible by n = 4.

(a) a = 478563289358
(b) b= 12354456724
(c) ¢ = 352148763376

10. Determine if divisible by n = 3 and if divisible by n = 9.

(a) a = 21437856252
(b) b = 54637281274
(c) ¢ = 42315768543

11. Determine if divisible by n = 6.

(a) a = 47835624312
(b) b= 65348127214
(c) ¢ = 27135248145

12. Determine if divisible by n = 11.

(a) a = 41783526413
(b) b= 615837429152
(¢) = 724356712859

13. Determine if divisible by n = 7 and if divisible by n = 13.

(a) a = 98239072918
(b) b= 199885455861
(c) ¢ = 182443992562



Chapter 3

Polynomials

In this chapter, we study the algebra of polynomials in a variable z with coefficients in a commu-
tative ring S. We can define addition and multiplication of polynomials, and we will see that the
set of polynomials has algebraic properties very similar to those of the integers. We will consider
algebraic properties such as those in Definition 1.3.1, divisibility of polynomials and greatest com-
mon divisors as we did for integers in Chapter 2, as well as roots and factors of polynomials and
irreducible polynomials, which are analogous to prime numbers.

3.1 Algebraic Properties of Polynomials

In this section, we will discuss polynomials with coefficients in some commutative ring S. For our
purposes, the ring S will be one of Z, Q, R, C, or Z,, where p is a prime. Unless otherwise stated,
all definitions and results are valid in all five cases.

Definition 3.1.1 A polynomial in the variable x with coefficients in the commutative ring S is
an algebraic expression of the form

p(z) = apz™ + an_12" '+ + a1z + ao,
where n = 0 is an integer and a; is an element of S for all i.

The set of all polynomials in = with coefficients in S is denoted S[z]. We will need the following
basic terminology.

Definition 3.1.2 Let p(x) = 2" + ap_12"" 1 + -+ + a1z + ap be a polynomial in S[z].
i. The elements a; are called the coefficients of p(x).

ii. The monomials a;x* are the terms of p(z). The term with the highest power of x and non-zero
coefficient is the leading term of p(x), and ag is the constant term.

iii. The leading coefficient of p(x) is the coefficient of the leading term of p(x).

iv. We call p(x) a monic polynomial if the leading coefficient of p(x) is 1.

84
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v. Ifa; =0 for alli > 1, so that p(z) = ap, we call p(z) a constant polynomial. By identifying
an element ag of S with the constant polynomial p(x) = ag, we will consider S to be a subset

of S[z].
vi. If a; =0 for all i, so that p(z) = 0, we call p(z) the zero polynomial.

vii. If a; is non-zero, we call i the degree of the monomial a;x*. If p(x) is a non-zero polynomial,
the degree of the polynomial p(x) is defined to be the degree of the leading term of p(z). We
define the degree of the zero polynomial to be —oo. We denote the degree of p(x) by deg p(x).

viii. A polynomial of degree 1 is called a linear polynomial, a polynomial of degree 2 is a quadratic
polynomial, and a polynomial of degree 3 is a cubic polynomial.

Example: Let p(r) = 32° — 62% + 722 — 92 + 8.
e The coefficients of p(x) are a5 = 3, ay = —6, a3 =0, ay =7, a1 = —9, and a9 = 8.

e The leading term of p(z) is 3z° and the leading coefficient is 3.
(Note that this is the case regardless of the order in which the terms are written. The leading
term is the term with the highest power of x.)

e The degree of p(x) is 5. O

Remark: By Definition 3.1.2 (vii), the degree of a non-zero constant polynomial is 0. We have
defined the degree of the zero polynomial to be —oo. Another approach used by some is to simply
say that the zero polynomial has no degree. In any case, the degree of the zero polynomial cannot
be defined to be 0 or any other integer. Otherwise, certain desirable properties of the degree will
not be valid. Also, according to our definition, the zero polynomial has no leading term or leading
coeflicient.

In many ways, the set S[z| is algebraically very similar to the set Z of integers. In particular,
we can define addition and multiplication of polynomials and show that these operations satisfy
the same basic algebraic properties in S[x] as they do in Z.

To compare or add two polynomials of different degrees, we can write both using all powers of x
up to the higher degree, using 0 as a coefficient when necessary.

Definition 3.1.3 (Equality) Two polynomials p(z) = apx™ + ap_12" 1 + - + a1 + ag and
q(x) = bpx™ + bp_12" L + - 4 byx + by in S[x] are equal if and only if a; = b; for all i.

Definition 3.1.4 (Addition) Let p(z) = a,2" + a,_12" ' + - + a17 + ag and q(z) = bya™ +
bu_12" L4+ + bz + by be polynomials in S[x]. We define the sum p(z) + q(x) by

p(x) + q(z) = (an + b))z + (@n_1 + bp_1)x™ L 4+ + (a1 + b))z + (ag + bo).

Definition 3.1.5 (Multiplication) Let p(z) = an2™ + ap_12" 1 + -+ + a12 + ag and q(z) =
binZ™ + byp—12™t + - + byx + by be polynomials in S[x]. We define the product p(x) - q(z) by

p(z) - q(z) = " + ro1z" L4 ez e,
where r =n +m and, for each 1,

¢i = a;ibo + aji—1b1 + - - + a1bi—1 + aob;.
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Examples:
1. If p(z) = 52 + 42% — 7o + 3 and ¢(x) = 62* + 223 + z — 9, then we can write
p(z) = 02t + 523 4+ 422 — T2 4 3,
q(z) = 62% + 223 + 022 + 1z — 9,
and so
p(x)+qz) = (0+6)z' +(B5+2)2>+ @A +0)2® +(-7T+ 1z + (3-9)
= 62+ 72" + 42° — 62 — 6.
Thus we add polynomials by simply adding corresponding coefficients.

2. For a(z) = 223 — 522 + 7 and b(x) = 322 + 22 — 4, we have deg a(x) = 3 and deg b(z) = 2,
hence deg (a(x)b(x)) = 3 + 2 = 5. The coefficients of a(x) and b(x) are

a0:7 b0:—4
a1:0 1)1:2
as=-5 by=3
a3:2 53:0
as =0 by =0
a5:0 b5:0.

The coefficients of the product a(z)b(x) are therefore

co = aob(] =7 (—4) = —28

1 = aibg+aphy=0-(—4)+7-2=14
co = agbg+arby +apbe = (=5)-(=4)+0-24+7-3 =41
c3 = agby+asby +arbg +apbs=2-(—4)+(-5)-2+0-3+7-0=—18
c4s = agbg + azby + asby + a1bs + agby
= 0-(—4)+2-24(-5):-3+0-0+7-0=-11
cs = asby + agby + aszbs + asbs + a1by + agbs

0-(-4)+0-2+2-34+(=5)-0+0-0+7-0=6,
and so
a(x)b(z) = c52° + ezt + 323 + cox® + 1 + co = 62° — 112t — 1823 + 4122 + 142 — 28.

This example is intended to illustrate the notation in the formal definition of multiplication.
In practice, polynomials are multiplied by multiplying every term of the first by every term
of the second (using laws of exponents and multiplying coefficients), and then collecting like
terms. This procedure essentially uses a “distributive law” several times. ([l
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The other algebraic properties of the integers are valid in S[z] as well.

Theorem 3.1.6 (Polynomial Properties) If S = Z, Q, R, C, or Z,, p a prime, then S[x]
satisfies the following:

Properties of Addition:
i. Closure under Addition: p(x) + q(x) is in S[z| for all p(x) and q(x) in S|x].

ii. Associative Law of Addition:
p(x) + [q(z) + r(2)] = [p(x) + ¢(2)] + r(z)
for all p(z), q(x), and r(x) in S[x].
iii. Commutative Law of Addition: p(x) + ¢(x) = q(z) + p(x) for all p(x) and q(x) in S[z].
iv. Additive Identity: There is a polynomial Z(z) in S[x] such that
p(x) + Z(z) = Z(z) + p(x) = p(x)
for all p(x) in S[z].

v. Additive Inverses: For each polynomial p(x) in S[z|, there is a polynomial —p(x) in S|x] such
that

p(x) + (=p(x) = (—p(2)) + p(z) = Z(2).
Properties of Multiplication:
vi. Closure under Multiplication: p(x) - q(z) is in S[z] for all p(x) and q(x) in S[z].

vii. Associative Law of Multiplication:

for all p(x), q(z), and r(x) in S[z].
viii. Commutative Law of Multiplication: p(x) - ¢(x) = q(z) - p(x) for all p(z) and q(z) in S[z].

ix. Multiplicative Identity: There is a polynomial I(z) in S[x] such that

for all p(x) in S[z].
Property Relating Addition and Multiplication:

x. Distributive Law:
p(x) - [q(z) + r(z)] = p(z) - q(z) + p(z) - 7(2)
for all p(x), q(x), and r(x) in S[z].
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Compare these properties to the properties satisfied by Z in the list in Definition 1.3.1. Note
that Z(x) is the zero polynomial, Z(x) = 0, and I(x) is the constant polynomial 1, I(x) = 1. If
p(r) = apa™ 4+ ap_12" ' 4 - - 4+ a12 + ap, then the additive inverse of p(z) is

—p(z) = (—D)p(x) = —apr™ — ap_12" 1 — - —ayz — ag.

Theorem 3.1.6 can be proved using the algebraic properties of S and the remarks above.

Example: Show that p(x) + ¢(z) = ¢q(z) + p(z) for all p(z),q(z) € S[z]; that is, addition of
polynomials is commutative.

Proof. Let p(z) = apz™ + -+ -+ a1x + ag and q(z) = bpa™ + - - - + bix + bg. We have

p(z) +q(x) = (an -+ arr +ag) + (bpx" 4 - + b1z + )
= (a )x" + -4 (a1 + b1)x + (ap + bp) by Definition 3.1.4,
= (bn+ an)a: + -4 (b1 + a1)x + (bp + ap) by commutativity of addition in S,
= (bpx" + -+ bz +bo) + (anx" + -+ - + a1x + ag) by Definition 3.1.4,
= q(@) +p(z),
and so p(x) + q(z) = q(z) + p(x) as claimed. O

Corollary 3.1.7 If S=1Z, Q, R, C, or Zy, p a prime, then S[z| is a commutative ring with 1.

Before considering the existence of multiplicative inverses, we prove some useful properties of
the degrees of polynomials.

Theorem 3.1.8 If p(z), q(z) are polynomials in S|x], then deg (p(z)q(x)) = deg p(x) + deg q(x).

Proof. 1f p(x)

=0 or ¢(z) =0, then p(x)g(x) = 0. Thus either deg p(z) = —o0 or deg q(z) = —o0,
and deg (p(z)q(z)

) = —oo. We then have

deg (p(z)q(z)) = —oo0 = deg p(x) + deg q(z)

and the equation holds.

We may now assume p(z) and ¢(z) are both non-zero. Let p(z) = apz™ + - -+ + a1z + ag, with
an # 0, and let ¢(x) = by a™ + - - -+ b1z + by, with by, # 0, so that deg p(x) = n and deg ¢(x) = m.
Notice that since S is one of Z, Q, R, C, or Z,, where p is a prime, and a,, # 0, b,, # 0, we have
anbm # 0. Thus, by Definition 3.1.5, the leading term of p(x)q(z) is anby,z™ ™™, and so

deg (p(z)q(x)) = n +m = deg p(v) + deg q(x)
as claimed. [l

Notice that this theorem is valid even if one of p(x) or ¢(z) is the zero polynomial. This would
not be true had we attempted to define the degree of the zero polynomial to be 0 or any other
integer.
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The next results follow easily from the theorem, but can also be proved directly using the
definition of multiplication as in the proof of the theorem.

Corollary 3.1.9 If p(x) and q(x) are non-zero polynomials in S[x], then p(z) - q(x) is non-zero.

Proof. 1If p(x) and g(z) are non-zero, then deg p(x) = n and deg ¢(x) = m for some non-negative
integers n and m. Thus deg (p(z)q(z)) = n + m is also a non-negative integer, and so p(x)g(x) is
non-zero. O

Note that the corollary also implies that if p(x) - g(x) = 0, then p(z) = 0 or ¢(z) = 0.

Corollary 3.1.10 Let S be one of Q, R, C, or Z,, where p is a prime. A polynomial p(z) in S[x]
has a multiplicative inverse in S|x] if and only if p(x) is a non-zero constant polynomial.

Proof. If p(x) = ag is a non-zero constant polynomial, then ag is in S. By hypothesis, S is a field,
and so ag has a multiplicative inverse ag 1in §. Thus the constant polynomial ¢(z) = ag Lis in
S[z], and p(x)q(x) = agag* = 1. Since I(x) = 1 is the multiplicative identity element of S[z], this
means ¢(z) is the multiplicative inverse of p(z).
Conversely suppose p(z) € S[x] has a multiplicative inverse. This means p(z)g(z) = 1 for some
q(z) € S[z], and so
0 = deg 1 = deg (p(z)gq(z)) = deg p(z) + deg g(x).

In particular, neither deg p(z) nor deg ¢(z) can be —oo, so both p(x) and ¢(x) are non-zero poly-
nomials. Hence deg p(z) and deg ¢(z) are both non-negative integers and their sum is 0. It follows
that deg p(z) = deg ¢(x) = 0, and so p(x) is a constant polynomial. O

The degree of the sum of two polynomials is not as easy to specify as the degree of a product,
in general. We can say the following, however.

Theorem 3.1.11 If p(z), q(z) are polynomials in S|x], then

deg (p(x) + ¢(z)) < max{deg p(x),deg q(x)}.

Proof. Let p(x) = apa™ + -+ + a1z + ap and ¢(z) = bpz™ + -+ + bix + by, where a,, # 0 and
bm # 0, so that deg p(x) = n and deg ¢(x) = m. We may assume without loss of generality that
n > m, so that max{deg p(z),deg ¢(x)} = n (and b, may be 0). By Definition 3.1.4, the leading
term of p(x) + ¢(x) will be (ay, + by)z"™, provided a,, + b,, # 0, and will be of degree less than n if
an + b, = 0. In any case, we have

deg (p(z) + q(x)) < n = max{deg p(z),deg q(x)}

as claimed. 0

In fact, the degree of the sum is equal to the maximum of the two degrees, unless p(x) and ¢(x)
have the same degree and the leading coeflicients are the negatives of each other.

By Corollary 3.1.10, even if S = Q, R, C, or Z,, non-constant polynomials in S{z] will not
have multiplicative inverses. Hence S[x] is never a field. However, it is possible to construct a field
containing S[z] in much the same way we constructed the field Q containing the integers Z.
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The formal construction is analogous to the construction of @ in §1.5. We start with the set

R = {(a(z),b(x)) | a(z),b(x) € Slx], b(x) # 0}

of ordered pairs of polynomials with the second polynomial non-zero. The relation ~ defined on R
by (a(x),b(x)) ~ (a'(z),b'(x)) if and only if a(z)b'(x) = b(x)a’(x) is an equivalence relation.
We define
R = {[(a(z),b(x))] | (a(x),b(z)) € R}

to be the set of equivalence classes. For X = [(a(x),b(z))] and Y = [(¢(z),d(z))] in R, we define
addition X + Y and multiplication X - Y by

X +Y = [(a(x), b(z))] + [(c(2), d(2))] = [(a(z)d(z) + b(z)c(z), b(x)d(x))]

and
XY = [(a(z),b(x))] - [(c(2), d(2))] = [(a(z)c(z), b(z)d(x))).

It is then straightforward, but tedious, to verify that R is a field. Identifying a polynomial p(x)

in S[z] with the equivalence class [(p(x), 1)] in R, we consider S[z] to be be contained in the field R.

Less formally, we can view an ordered pair (a(z),b(x)) in R as the rational expression Z((:?, and
T

its equivalence class [(a(x),b(z))] as the rational function represented by all equivalent quotients of
polynomials. We then obtain the more familiar field of rational functions, denoted S(x).

Theorem 3.1.12 Let S be one of Z, Q, R, C, or Z,, p a prime, and let
a(x)

S(z) =
@={56

be the set of rational functions with coefficients in S. Then S(x) is a field with addition and
multiplication defined by

a(x),b(z) € Slz], b(z) # 0}

a(z) c(x) a(z)d(x)+ b(x)c(x)

b(z)  d@) b(w)d()

and

The fields S(z) and R are algebraically equivalent (i.e., isomorphic). By identifying a polyno-

p(z)

mial p(x) with the rational function e consider S[z| to be contained in S(x), just as Z is

contained in Q.
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§3.1 Exercises

. Determine the degree and leading coefficient of each of the following polynomials:

(a) p1(z) =523 — 322 +2

(b) pa(z) = T2® — 92° + 42> — 6
(c) ps(z) =6

(d) pa(z) =0

(e) ps(z) =2 -5

. Use only Definition 3.1.5 to find the product of the polynomials a(x) = 223 + 522 + 4z + 7

and b(z) = 322 + 62 + 8. That is, identify a; and b; for each i and write the coefficients ¢; of
the product in the form ¢; = a;bg + - - - + agb; as in the definition. Include any 0 coefficients
as well.

(a) For p(z) = bat — 323 + 222 + T — 4 and q(x) = 2° — 32* + 422 — 8z, find p(z) + q(x)
and p(z) — q().
(b) For p(x) = 223 + 3z and ¢(z) = 2% — 5, find p(z)q(x).
(c) For p(z) = 42® — 322 + 1 and q(z) = 2% + 2z + 5, find p(x)q(z).
(z) =

(d) For p(z) = 2% + 3, find p(x)2.

. Use Definition 3.1.4 and properties of real numbers to show that if a(z) = apz™+- - -+a1x+ag

and b(x) = bpa™ 4 - -+ bjx + by are polynomials in R[z], then a(x)+b(z) = b(z)+a(x). That
is, verify the commutative law of polynomial addition. [Note: It will be necessary to use the
commutative law of addition of real numbers. Be sure to indicate where this is used.]

. Use Definition 3.1.4 and properties of real numbers to show that if a(x) = a2+ - -+a12+ag,

b(x) = bpx™ + -+ + bix + by, and ¢(z) = cpa™ + -+ - + c1z + ¢ are polynomials in R[z|, then
a(x) + [b(z) + ¢(x)] = [a(x) + b(x)] + ¢(x). That is, verify the associative law of polynomial
addition. [Note: It will be necessary to use the associative law of addition of real numbers.
Be sure to indicate where this is used.]

. Use Definition 3.1.5 and properties of real numbers to show that if a(x) = apz™+- - -+a1z+ag

and b(x) = byz™ + -+ 4+ byx + by are polynomials in R[z], then a(x) - b(x) is a polynomial
in R[z]. That is, verify that R[z] is closed under multiplication. [Note: It will be necessary
to use the closure of R under addition and multiplication. Be sure to indicate where this is
used.]

. Show that if a(z), b(x), and g(x) are non-zero polynomials in S[x] such that b(x) = g(x)a(x),

then deg a(x) < deg b(x). [Hint: Use Theorem 3.1.8.]



92 CHAPTER 3. POLYNOMIALS

3.2 Binomial Coefficients and Binomial Theorem

We will now consider the special polynomial product (1 + x)™ in Z[z|. If we were to expand this
product, we would obtain a polynomial in z of degree n with integer coefficients. The coefficients
are the binomial coefficients.

Definition 3.2.1 Let n > 0 be an integer and let v be an integer with 0 < r < n. The binomial
coefficient (:}) is defined to be the coefficient of " in the polynomial (1 + x)".

That is, if (1 4+2)" =co+c12 + -+ 12" + ¢,2", then (?) =c,.

Example: By direct computation, we have
(1+2)* =1+ 4o + 622 + 42 + 2,

and so

by Definition 3.2.1. O

Remarks:

1. The binomial coefficient (;:L) is pronounced “n choose r,” due to the fact that it is also equal

to the number of ways to choose a set of r objects from an n element set. We can relate
this interpretation to the coefficients of (1 4+ x)" as follows. The polynomial (1 4+ x)" is a
sum of terms, each of which is a product of either an z or a 1 chosen from each of the n
factors of (1+)(1+x)---(1+2). An 2" term arises by choosing an x from r factors and 1
from the rest, and the coefficient of z" is the number of different ways to do this. Hence the

coefficient (;}) is the number of ways to choose r factors from the set of n factors.

2. The polynomial 1 + z is in the set Z[z], and by the Polynomial Properties Theorem (Theo-
rem 3.1.6 (vi)), Z[z] is closed under multiplication. It follows that (1 +z)™ is in Z[x], and the

binomial coefficient (:}) is always an integer.

It is easy to check by direct calculation that the leading coefficient and the constant term of
(14 x)™ are both 1, which implies the following result.

Proposition 3.2.2 For every integer n = 0,

n n
= =1.
The proposition above allows us to compute the first and last binomial coefficients for a given

value of n. Those in between can then be calculated inductively using the following very important
theorem.
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Theorem 3.2.3 (Pascal’s Rule) For integers n, r, with 0 <r <n+1,

() =20+ ()

Proof. By definition, we must show that if (1 4+ 2)" = co + c1z + - + ¢, 12" 1 + ¢,2", so that
(r " 1) = ¢,—1 and (?) = ¢, then the coefficient (n;i— 1) of z" in (14 z)"* is c,1 + ¢

We can calculate (z + 1)"! as follows:

1+z)" = Q+2)(1+2)"
= (I4+2)"+z(1+2)"
= (co+cz4 - Fcp12" P+ ex™) Falco+erx+ -+ ep12™ T+ cpa™)
= cot+ecxter?+ o 12V e +
cot + ax +eoxd + oo Fep1a2™ 4 cpa
= co+(co+e)z+(cr4+c)r® + -+ (cnz + 1) L+ (Cu1 + cn)a"™ + cpz™ L.

+1

Therefore, if 0 < r < n+ 1, the coefficient of =" in (1 + x)"ﬂ is indeed ¢,_1 + ¢, as desired, and so
Pascal’s Rule holds. O
Example: We saw in the previous example that (%) =4 and (%) = 6, hence Pascal’s Rule, with

=) (G -sv0-m

This can be verified directly by expanding (1 + z)°. O

n =4 and r = 2, says that

Using Pascal’s Rule, the binomial coefficients can be calculated and put in a triangular array,
called Pascal’s Triangle:

1
1 1
1 2 1
1 3 3 1
1 4 6 4 1
1 5 10 10 5 1
1 6 15 20 15 6 1

r
numbered starting with 0). Thus the “border” entries are 1 by Proposition 3.2.2, and Pascal’s Rule
says that each “interior” entry is the sum of the two entries above it.

Using Pascal’s Rule and induction, we can derive a formula to compute the binomial coefficients
directly. Recall that for a positive integer m, we define m-factorial, denoted m!, as

The binomial coefficient <n) is placed in row n, position r (where the rows and positions are

m!=m(m —1)(m - 2)---(3)(2)(1),

and we define 0! = 1.
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Theorem 3.2.4 Ifn and r are integers with 0 < r < n, then

()=

Proof. We proceed by induction on n. If n = 0, then r = 0 as well, and we have

Therefore, the formula holds with n = 0.
Now assume the formula holds for n = k; that is,

for all 0 < r < k. We must show that, given (x), the formula holds for n = k + 1; that is,

E+1Y\ (k+1)!
ro ) ol ((k+1)—7r)!
foral 0 <r <k+1.

Using Proposition 3.2.2 and the fact that 0! = 1, we have
(k+1)! o (k+1)! (B+1)! i <k+1>

O((k+1)—0)!  Oolk+1)! (k+1)! 0
e (k + 1)1 k) _(k+1)!_1_<k+1>
k+DW((k+1)—(k+1)!  (k+1!0  (k+1)! ~ \k+1)’

and so the formula holds for n = k+1 with r = 0 and r = k+1. We may now assume 0 < r < k+1,
so that Pascal’s Rule (Theorem 3.2.3) applies. We have

<k + 1) = ( k ) + (k> by Pascal’s Rule,
T r—1 T

k! k!
S eSO —G =) A= Y )
k! Kl

=D —r+ Dk =) =Dk =)

B k! 1 1
= o DE—r) {(kz—r—kl) +r}

B k! r+(k—r+1)

T r=Dlk—r)! rk—-r+1)

B k! k+1

T =D k—=n) r(k—r+1)

B (k+ 1)k!

(=D k—r+ 1D (k—1)
(k+1)! (k+1)!

rlk—r+1)!  rl(k+1)—r)
and so the formula holds for n = k 4+ 1. Therefore, the formula holds for all n > 0 by the Principle
of Mathematical Induction. g
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We noted in Proposition 3.2.2 that for n >

Using Theorem 3.2.4, it is easy to see that for n > 1,

(1)=("0) =

More generally, we have the following corollary, whose proof is left as an exercise (see Exercise 3.2.6).

Corollary 3.2.5 Ifn and r are integers with 0 < r < n, then
ny _ n
r) \n-r)’

Using the formula above and recalling the definition of binomial coefficients, we have:

Corollary 3.2.6 If n is an integer with n > 0, then

n n
n __ n T o__ n! T
(1+2) _7:0 (r)x _Zr!(n—r)!gj '

r=0

More generally, we have the Binomial Theorem, a formula for expanding the product (a + b)™.

Theorem 3.2.7 (Binomial Theorem) If n is an integer with n > 0, then

n n

T A L S S

r=0 r=0

Proof. If a = 0, the left side of the equation becomes b™ and the right side reduces to (n> b", and

n
since (2) = 1, the formula holds. We may therefore assume a # 0.

Writing (a + b) = a(1 + %) and letting =z = g in Corollary 3.2.6, we have

(a+b)" = o (1+ Z)n —anrzn% (Z) (2) _ ano (Z) an%: zn:O (Z) —

T

and the first equality in the formulas holds. The second equality in the formula follows by replacing
the binomial coefficient by the expression from Theorem 3.2.4. U
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Example: We expand (3z — 2)° using the Binomial Theorem with n =5, a = 3z, and b = —2:

Bro2t = 3 (7) @iy

r=0

- Qe Qe (e

(5) @2+ () Go-2t+ () (-2

= (32)% +5(32)4(—=2) + 10(3z)3(—2)% + 10(32)%(—2)® + 5(3z)(—2)* + (-2)°
2432° 4+ 5 - 81zt - (=2) +10-272% - 4 4+10-92% - (=8) +5- 3z - 16 + (—32)
= 243x° — 810x* + 108023 — 72022 + 240x — 32.

Hence (3z — 2)° = 2432 — 8102* + 108023 — 72022 + 240x — 32. O

83.2 Exercises

1. Evaluate the following binomial coefficients. Show your work.

2. Find the coefficient
(a) of 16 in (z + 1)%°,
(b) of 27 in (z + 1)'3,
(c) of 27 in (z +1)8.
3. Use the Binomial Theorem to expand the following powers:
(a) (2z +3)*
(b) (2z +3)°
(c) (2z + 3)5.

4. Show that if n and r are integers with 0 < r < n, then r!(n —r)!|nl.

5. Show that if n > 1, then "= " =n.
1 n—1

6. Show that if n and r are integers with 0 < r < n, then (Z) = < n >

n—r
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On Exercises 7 and 8, prove the statements by using the Binomial Theorem to evaluate (a 4 b)"
for an appropriate choice of a and b.

7. Show that if n is an integer and n > 1, then

() () e (20) ()=

8. Show that if n is an integer and n > 1, then

0606 o)
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3.3 Divisibility and Polynomials

In this section we consider the divisibility properties of polynomials, including the Division Algo-
rithm and greatest common divisors. Most of the results on divisibility of integers can be translated
almost word for word into analogous results for polynomials. Compare the definitions and results
below to those in §2.2.

Note: So that we can always divide coeflicients of polynomials, we will now assume that the ring S
of coefficients is one of Q, R, C, or Z,, p a prime, but not Z. Thus we assume that S is a field.

In all of the results below, a(x), b(x), c¢(x), etc., will denote polynomials in S[z]. Recall that
constants (elements of S) are considered to be elements of S[z] by identifying them with constant
polynomials.

Definition 3.3.1 Let a(z) and b(z) be polynomials in S[z], with a(x) # 0. We say that a(zx)
divides b(x), and write a(z) | b(x), if b(z) = q(x)a(x) for some polynomial q(z) in S[z|.

As with integers, if a(x) | b(z), we also say a(x) is a divisor or factor of b(z), that b(z) is a
multiple of a(x), or that b(z) is divisible by a(x).

The following basic properties are proved in exactly the same way as the analogous results for
integers.

Theorem 3.3.2 The following properties hold for polynomials a(z), b(x), c(x), and d(x) in S[x].
i. Ifa(z) #0, then a(x) | 0.
ii. If a(x) # 0, then a(x) | a(z).

().
iv. If a(z) | b(xz) and b(z) | c¢(x), then a(z) | c(x).

Jd(x) | b(z)e(z).
(

vi. (Combination Theorem) If a(z) | b(z) and a(z) | ¢(x), then a(z) | b(x) f(z) + c(x)g(z) for
all polynomials f(z), g(x) in Slz].

()
()
iii. If a(x) s any polynomial, then 1| a(x
()
()

v. If a(x) | b(z) and d(z) | c(x), then a(x

Proof. Property (i) follows from the definition and the fact that 0 = 0 - a(x). Properties (ii) and
(iii) both follow from a(xz) = 1-a(x) and the fact that 1 € S[z]. The proofs of (iv) and (v) are left
as exercises (see Exercises 3.3.3 and 3.3.4).

For (vi), if a(z) | b(z) and a(x) | ¢(z), then b(x) = a(z)m(z) and c(x) = a(z)n(z) for some
m(z),n(x) € S[z]. Hence we have

b(x) f(z) + c(x)g(x) = (a(z)m(x)) f(z) + (alz)n(z))g(z) = a(z)[m(z) f () + n(x)g(z)]-

Since S[z] is closed under multiplication and addition, m(z)f(x) + n(x)g(z) is in S[z], and so this
implies a(z) | b(x) f(z) + c(x)g(x) by definition. O
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We noted that for integers, the signs of the integers do not affect divisibility. The analogous
result for polynomials involves constant multiples.

Proposition 3.3.3 Ifa(z) | b(z) and k # 0 is an element of S, then k- a(x) | b(z).

Proof. Let a(x) | b(z) and 0 # k € S. Then b(x) = a(z)m(x) for some m(x) € S[z], and since S is
a field, k has a multiplicative inverse k~! in S, hence also in S[x]. We have

b(z) = a(z)m(z) = (k- k™ Ha(x)m(z) = k- a(z) (k™" - m(z)),
and since S[z] is closed under multiplication, £~ - m(x) € S[z] and this implies k - a(z) | b(z) by
definition. O

Note that the proof of the proposition depends on the fact that S is a field and thus every
non-zero element & in S has a multiplicative inverse in S (and hence in S[z]). This is also necessary
for the following corollary.

Corollary 3.3.4 If k # 0 is an element of S and b(x) is in S[z], then k| b(z).

Proof. Since 1| b(z) and k- 1 = k, substituting a(z) = 1 in Proposition 3.3.3 implies the result. [J

We showed that if a and b are positive integers and a | b, then a < b. The degree induces a
partial order on the set of polynomials, and we obtain the following analogous result.

Theorem 3.3.5 If a(x) | b(x) and b(z) # 0, then deg a(z) < deg b(z).

Proof. Since a(z) | b(x) and b(x) # 0, there exists a non-zero polynomial m(x) € S[x] such that
b(xz) = m(x)a(x). By Theorem 3.1.8, we have

deg b(z) = deg (m(z)a(z)) = deg m(x) + deg a(x).
Since m(x) # 0, we know deg m(x) > 0, and so
deg b(x) = deg m(z) + deg a(z) > deg a(z).
Therefore, deg b(x) > deg a(x). O

We showed that if two integers a, b divide each other, then b = +a. The analogue for polynomials
is the following result.

Theorem 3.3.6 If a(x) | b(x) and b(z) | a(x), then b(x) =k - a(x) for some constant k in S.

Proof. Since a(x) | b(z) and b(z) | a(z), we have b(x) = m(z)a(zr) and a(x) = n(z)b(z) for some
m(z),n(x) € S[z]. Hence

and so

0 =n(z)m(z)a(z) — a(x) = [n(x)m(z) — 1a(z).
By hypothesis, we know a(x) # 0, hence n(x)m(z) —1 = 0 by Corollary 3.1.9. Thus n(z)m(x) =1,
and so n(x) and m(x) are non-zero constants by Corollary 3.1.10. In particular, m(x) = k € S and
b(x) =k -a(zx). O



100 CHAPTER 3. POLYNOMIALS

Observe that the following corollary is equivalent to Corollary 3.1.10 because b(x) | 1 is equiv-
alent to the existence of a multiplicative inverse for b(z) in S[z].

Corollary 3.3.7 Ifb(x) | 1, then b(x) is a non-zero constant polynomial.

Proof. Since 1 | b(z), we may substitute a(z) = 1 in Theorem 3.3.6 to obtain b(z) = k-1 = k for
some non-zero constant k € S. O

Analogous to the Division Algorithm for integers, a polynomial in S[z] can be divided by
another polynomial using long division to obtain a quotient and a remainder. In this case, the
process continues until the remainder has lower degree than the divisor. As before, the quotient
and remainder are unique.

Example: We use long division to divide b(z) = 223 — 522 + 62 — 3 by a(z) = 2? + 42 and find
the quotient ¢(z) and remainder r(x). The procedure is similar to long division of integers and is
as follows:

1. Divide the leading term of the dividend by the leading term of the divisor. In this case, this
is 223 /2% = 2.

2. Multiply the divisor by the result of Step (1). In this case, we obtain 2z (2% +4xz) = 223 + 822,
3. Subtract the result of Step (2) from the dividend. Here, this yields
(223 — 52? + 62 — 3) — (223 + 82?) = —132% 4 62 — 3.
4. Using the result of Step (3) as the new dividend (of lower degree), repeat the steps until the
difference obtained in Step (3) is of strictly lower degree than the degree of the divisor.

The sum of the terms obtained from Step (1) will be the quotient ¢(z) and the final remainder in
Step (4) will be the remainder r(z). The complete procedure for our example is given below.

20 — 13
22 +42)22% — 522 + 6z — 3
223 + 822
— 1322 + 6z — 3
— 1322 — 52z

o8xr — 3
We have ¢(z) = 22 — 13 and r(z) = 58z — 3. Observe that
deg (58 — 3) = 1 < 2 = deg (2 + 4z),
so that deg r(x) < deg a(x). It is easy to check by direct calculation that
223 — 522 4 62 — 3 = (2z — 13)(a? + 4z) + (582 — 3),

that is, b(z) = g¢(x)a(x) + r(x). O
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The Division Algorithm for polynomials gives a precise statement of the existence and unique-
ness of a quotient and remainder. Again, the proof involves the long division procedure along with
induction, and is omitted here.

Theorem 3.3.8 (Division Algorithm) If a(z) and b(x) are polynomials in S[x] with a(x) # 0,
then there exist unique polynomials q(z) and r(z) in Slz] satisfying b(x) = q(z)a(z) + r(z) and
either r(x) = 0 or deg r(z) < deg a(x).

As with integers, b(x) is the dividend, a(z) is the divisor, ¢(x) is the quotient, and r(x) is
the remainder. The condition that a(z) | b(x) is equivalent to the condition that r(z) = 0. Since
we defined deg 0 = —o0, the case r(xz) = 0 is included in the case deg r(x) < deg a(z), but we
include the possibility r(x) = 0 separately in the theorem for emphasis.

Greatest Common Divisor

Definition 3.3.9 Let a(x) and b(z) be polynomials in S[x], at least one of which is not zero. The
greatest common divisor of a(x) and b(x) is the monic polynomial d(z) satisfying

i. d(z) | a(x) and d(x) | b(z),
iil. if e(x) | a(x) and c(x) | b(x), then deg c(x) < deg d(x).

We denote the GCD of a(x) and b(x) as d(z) = (a(z),b(x)). The GCD of a(x) and b(x) is the
monic polynomial of highest degree that divides both a(z) and b(z). It is not difficult to see that
a GCD must exist, but it is not obvious from the definition that it must be unique. The GCD is
found using the Euclidean Algorithm. The procedure is nearly identical to that used for integers.

Theorem 3.3.10 (Euclidean Algorithm) Let A(z) and B(z) be non-zero polynomials in S[z].
Use the Division Algorithm to obtain the following system of equations:

B(z) = Qi(z)A(z)+ Ri(z)
A(r) = Q2x)Ri(z) + Ro(z
= Q3($)R2($) + Rg(x

, 0 < deg Ri(x) < deg A(z
) 0 < deg Ro(z) < deg Ri(z)
). 0<deg Ry(x) < deg Ro(x)

Rn_.g(.%') _ Qn(x)Rn_l(.x) + R,(x), 0<deg Ry(z) ‘< deg R,—1(2)
Rp-1(z) = Qnia1(z)Rn(z).

1
Let R, (x) be the last non-zero remainder. If r is the leading coefficient of Ry (x), then —R,(x) s
r

the greatest common divisor of A(z) and B(zx).

Remarks: Using the Combination Theorem, it can be shown that
1. Ry(z) | A(z) and R,(x) | B(x), and
2. if e¢(x) | A(z) and c(z) | B(x), then c¢(x) | Ry(x).
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If r is the leading coefficient of R, (z), then 1R, (z) is monic and, by Proposition 3.3.3 and basic
properties of divisibility, also satisfies conditions (1) and (2). If ¢(z) | 1R,(z), then by Theo-
rem 3.3.5 we know deg c(z) < deg 2R,,(z). It follows that 1R, (z) is the GCD of A(z) and B(x).

The procedure used for the verification of the Euclidean Algorithm suggested in the remarks
above is the same as that used in the example in §2.3 on page 46. It is notationally rather
cumbersome to do this in general, and we will instead give a proof along the lines of the proof of
Theorem 2.3.3. Before proceeding with the proof, we demonstrate the procedure with an example.

Example: We find the GCD of A(x) = 62° — 1022 —30x +18 and B(z) = 3z*+23 — 2322 — 232 +6.
Using long division to find quotients and remainders, we obtain the following equations:

3zt 423 — 2322 — 232+ 6 = ((1/2)z 4 1)(62 — 1022 — 30z + 18) + (227 — 2z — 12)
623 — 1022 — 30z +18 = (3z —2)(22% — 22 — 12) + (2z — 6)
202 — 22 — 12 = (x+2)(2z —6).

The last non-zero remainder is R(x) = 2z — 6. Since the leading coefficient of R(z) is 2, we have
1 1
(A(x), B(x)) = 3 Rla) = 5(22—6).
and so (A(x), B(x)) =z — 3. O

The main result we need for the proof of the Euclidean Algorithm is the following lemma,
analogous to Lemma 2.3.4 for integers.

Lemma 3.3.11 If a(z) and b(z) are non-zero polynomials in S[z|, and q(x) and r(x) are polyno-
mials in S|x] such that b(x) = q(x)a(x) + r(x), then (b(x),a(z)) = (a(z),r(z)).

Proof. If ¢(z) | a(z) and ¢(x) | r(z), then by the Combination Theorem, c(z) | ¢(x)a(z) + r(z);
that is, ¢(x) | b(x). Conversely, if ¢(x) | b(z) and ¢(x) | a(x), then c¢(x) | b(x) — g(x)a(x); that is,
c(x) | r(x). Therefore, the set of common divisors of a(x) and r(x) is precisely the same as the set

of common divisors of b(z) and a(x). Thus the monic polynomial of highest degree in this set of
common divisors is equal to (a(z),r(z)) and to (b(x),a(x)), hence (a(z),r(x)) = (b(z),a(x)). O

Proof of Theorem 3.3.10. We will first show that

(B(x), A(x)) = (Ri(z), Riy1(r))

foralli =1,...,n — 1. The proof is by induction on 4.
By Lemma 3.3.11, B(z) = Q1(z)A(z) + R1(z) implies

(B(x), A(x)) = (A(x), R1(z))
and A(z) = Q2(z)R1(x) + Ra(x) implies

(A(z), Bi(x)) = (Ri(z), Ra(x)).
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Hence
(B(z),A(x)) = (Ri(x), Ra2(2))

and the claim holds for i = 1.
Now assume the claim is true for i = k; that is,

(B(x), A(z)) = (Ri(z), Rgq1 (7).
Since Ry (z) = Qr42(x)Ri41(x) + Riyo(x), Lemma 3.3.11 implies

(Ri(z), Rir1(w)) = (Rpy1(z), Riqa()).
Thus
(B(r), A(z)) = (Rgy1(7), Rpy2()),

and the claim is true for ¢ = k + 1.
By the Principle of Mathematical Induction, we therefore have that

(B(x), A(z)) = (Ri(x), Rit1(x))
foralli=1,...,n— 1. In particular,
(B(2), A(z)) = (Rn-1(x), Rn ().
Finally, 1R, () is monic and, by Proposition 3.3.3, 2R, (z) | Rn(z) and 1R, (z) | Ry—1(z) (as
Ry—1(x) = Quni1(z)Rp(z)). If ¢(z) is any other common divisor, then ¢(x) | R,,(z) and so

1
deg c(x) < deg Ry, (z) = deg ;Rn(x)

Hence

(B(x), A()) = (Rn_1(2), Rn(2)) = ~ R (2)

r
and the theorem is proved. O

The GCD of two polynomials satisfies the basic properties satisfies by the GCD of integers. In
particular, the GCD can be written as a combination of the two polynomials, and any common di-
visor must also divide the GCD. We first need the following characterization of the GCD, analogous
to Lemma 2.4.4.

Lemma 3.3.12 Let a(x) and b(z) be polynomials in S[z], at least one of which is not zero. The
GCD of a(z) and b(x) is the monic polynomial in S[z| of smallest degree that can be written in the
form a(z)s(z) + b(x)t(x) for s(z),t(x) € S[x].

Proof. Let a(x) and b(x) be polynomials in S[z], at least one of which is not 0, and define the set
P = {a(z)s(x) + b(z)t(z) | s(x),t(x) € Sz] and a(z)s(z) + b(x)t(x) # 0}.

Since at least one of a(x) or b(z) is non-zero, at least one of a(z) or b(x) is therefore in P, and
so P is non-empty. In particular, the set of degrees of polynomials in P is a non-empty set of non-
negative integers, hence has a smallest element by the Well-ordering Principle (Theorem 2.1.1).
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Thus there is a polynomial d;(z) € P with smallest possible degree. If a is the leading coefficient
of dy(z), then d(z) = 1d;(x) is monic, is an element of P, and is of the same degree as d; (z). Thus
d(x) is a monic polynomial of smallest degree in P, and so d(z) = a(x)m(z) + b(x)n(x) for some
m(z),n(x) € S[z].

The conclusion of the theorem is that this polynomial d(x) is the GCD of a(x) and b(z). We
will show that d(z) satisfies parts (i) and (ii) of Definition 3.3.9, hence d(z) = (a(x),b(x)).

We first show (i), that d(z) | a(x) and d(z) | b(x). By the Division Algorithm (Theorem 3.3.8),
we can write a(x) = g¢(x)d(x) +r(x) for ¢(z),r(z) € S[z] with r(z) =0 or 0 < deg r(z) < deg d(z).

Moreover, we can express 7(zx) as

r(z) = a(z) —q(x)d(r)
a(z) — g(z)(a(z)m(z) + b(z)n(z))
a(z)(1 = g(z)m(z)) + b(z)(=q(z)n(z)).

Since 1 — g(z)m(z) and —q(z)n(x) are in S[z], if r(z) # 0, then r(x) € P. However, d(x) was
chosen to have smallest degree among the elements of P and deg r(z) < deg d(z). Hence r(x) is
not an element of P, and so r(z) = 0 and a(z) = ¢(z)d(x). Therefore d(x) | a(z). The proof that
d(x) | b(x) is nearly identical and is left as an exercise.

Finally, we show (ii), that if ¢(z) is a polynomial in S[z] such that ¢(z) | a(z) and c(z) | b(x),
then deg c¢(x) < deg d(x). Suppose c(z) | a(z) and ¢(x) | b(x). Since d(z) = a(x)m(z) + b(x)n(z)
with m(x),n(z) € S[x], the Combination Theorem (Theorem 3.3.2 (vi)) says that ¢(x) | d(z). Since
c(x) | d(z) and d(x) # 0, it follows from Theorem 3.3.5 that deg ¢(z) < deg d(z) as claimed. [

The lemma implies the first of the basic properties of the GCD mentioned above.

Theorem 3.3.13 If a(z) and b(x) are polynomials in S|x], at least one of which is not zero, then
there are polynomials f(x), g(x) in S[z] such that (a(z),b(x)) = a(z) f(x) + b(x)g(x).

Proof. This follows immediately from Lemma 3.3.12. g

As was the case for integers, the only polynomials that can be written as a combination of a(x)
and b(x) are the multiples of (a(x),b(x)).

Theorem 3.3.14 Let d(z) = (a(x),b(x)). A polynomial m(x) can be expressed in the form

() = ale)s(x) + b)t(a),
with s(x), t(x) in Slx|, if and only if d(x) | m(zx).

Proof. 1f
m(z) = a(z)s(z) + b(x)t(x)
for some polynomials s(z) and t(x) in S[z], then since d(z) | a(x) and d(x) | b(z), the Combination
Theorem implies d(x) | m(x). Thus m(x) is a multiple of d(x).
Conversely, suppose m(z) is a multiple of d(z), so that m(z) = n(z)d(z) for some n(z) € S[x].
Since

d(z) = a(x)u(x) 4+ b(z)v(x)
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for some u(z),v(z) € S[z] by Theorem 3.3.13, we have

m(z) = n(z)d(z) = a(z)(n(z)u(z)) + b(z)(n(z)v(z)),

and n(z)u(x), n(x)v(z) are in S[z]. Hence d(x) can be expressed in the form a(z)s(x) + b(x)t(z),
with s(z) = n(z)u(x) and t(z) = n(z)v(z) in S[x]. O

In particular, note that if m(z) = a(z)s(x) + b(x)t(x) for some s(x), t(x) in S[z], it does not
generally follow that m(z) = (a(x),b(z)).

In order to write (a(z),b(x)) as a combination of a(z) and b(x), we work backwards through
the Euclidean Algorithm, writing each remainder as a combination of the two previous remainders.
This is the same procedure that was used for integers.

Example: For A(z) = 623 — 1022 — 30z + 18 and B(z) = 3% + 2® — 2322 — 232 + 6, we find
polynomials f(z), g(x) such that (A(z), B(z)) = A(z)f(z) + B(x)g(x). Recall from the example
on page 102 that (A(z), B(z)) = = —3, and the Euclidean Algorithm yields the following equations:

3zt 4+ 2% — 2322 - 23246 = ((1/2)x +1)(62° — 1022 — 30z + 18) + (222 — 22 — 12) (3.1)
62% — 1022 — 30z + 18 = (3z —2)(22% — 22 — 12) + (22 — 6)

202 =22 — 12 = (x+2)(2z —6).
Beginning with Equation 3.2 and solving for the remainder in terms of the dividend and divisor,
we have
2 — 6 = (62° —102% — 30z + 18) — (3x — 2)(22% — 22 — 12) by Equation 3.2,

(623 — 1022 — 30z + 18) —
(32 — 2)[(32* + 2 — 2322 — 232 + 6) — ((1/2)z + 1)(62°® — 102 — 30z + 18)]
by Equation 3.1,
= (62° — 102% — 302 + 18)[1 + (3z — 2)((1/2)z + 1)] —
(3z — 2)(32* + 23 — 2322 — 232 + 6)
= (62% — 102 — 30z + 18)[(3/2)2? + 22 — 1)] + (32* + 2® — 2322 — 232 + 6)(—3z + 2).

Recalling that the GCD is z — 3 = (1/2)(2z — 6), we divide both sides of the equation by 2 to
obtain

3
x —3 = (623 — 1022 — 30z + 18) [4

1 -3
$2+£U—2:| + (321 + 23 — 2322 — 232 + 6) [2m+1].

Hence f(z) = (3/4)2> +z — (1/2) and g(z) = (—3/2)x + 1. O

Theorem 3.3.15 Let a(x) and b(x) be polynomials, at least one of which is not zero. If ¢(x) | a(z)

(
and c(x) | b(z), then c(z) | (a(x), b(z)).

Proof. By Theorem 3.3.13, we can write (a(z),b(x)) = a(z)s(x) + b(x)t(z) with s(x),t(x) € S[z]. If
c(z) | a(x) and c(x) | b(z), then by the Combination Theorem, we have c(x) | a(z)s(x) + b(z)t(z),
and so ¢(x) | (a(x),b(z)) as claimed. O
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The previous theorem implies an alternate definition of the GCD. We state this equivalent
characterization of the GCD as a theorem.

Theorem 3.3.16 Let a(x) and b(x) be polynomials, at least one of which is not zero, and let d(x)
be a monic polynomial. Then d(z) = (a(z),b(x)) if and only if d(x) satisfies

i. d(z) | a(x) and d(z) | b(z), and
il. if e(x) | a(x) and c(x) | b(x), then c(x) | d(x).

To justify the use of the phrase “the GCD” in the Euclidean Algorithm and in the remarks
above, we need to know that there is only one polynomial satisfying the definition. This is the
reason the definition requires a monic polynomial. Note that any non-zero constant multiple of
(a(x),b(x)) will satisfy conditions (i) and (ii) of the definition.

Theorem 3.3.17 The greatest common divisor of two polynomials is unique.

Proof. Let a(x), b(x) be polynomials in S[z]. Suppose both d;(z) and da(z) in S[z] are monic and
satisfy conditions (i) and (ii) of Theorem 3.3.16. In particular, both are common divisors of a(z)
and b(x). We need to show that di(z) = da(x).

Since d(z) = dy(z) satisfies condition (ii) and daz(x) is a common divisor of a(z) and b(z), we
have dy(z) | di(x). Similarly, since d(z) = do(x) satisfies condition (ii) and dj(x) is a common
divisor of a(z) and b(z), we have d;(x) | do(x).

Now by Theorem 3.3.6, we have da(z) = k- di(z) for some k € S. Since d;(x) is monic, k is the
leading coefficient of k - di(x), hence also of da(z). But da(z) is also monic, and so k = 1 and we
have dy(z) = di(x). O

The other basic properties of the GCD of integers in §2.4 can also be stated and proved for
polynomials, with the appropriate changes in wording. Some of these will appear as exercises.

Relatively Prime Pairs of Polynomials

Definition 3.3.18 Two polynomials a(x), b(x) in S[z] are relatively prime if (a(x),b(z)) = 1.

Remark: Polynomials a(z) and b(x) are relatively prime if they have no non-constant common
factors. For example, the polynomials a(z) = 2z +2 = 2(x + 1) and b(z) = 4o — 2 = 2(2z — 1)
have the constant 2 as a common factor, but no non-constant common factors. Although 2 satisfies
conditions (i) and (ii) of the definition of GCD, it is not monic, and 3 -2 = 1 is the GCD. Hence
2z + 2 and 4x — 2 are relatively prime.

By Theorem 3.3.13, we know that if a(x) and b(z) are relatively prime, then 1 can be written as
a combination of a(z) and b(z). The converse also holds in the case of relatively prime polynomials.
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Theorem 3.3.19 Let a(x) and b(z) be polynomials in S|x]. There exist polynomials f(x), g(x)
in Slz] such that a(z) f(x) + b(x)g(x) =1 if and only if (a(x),b(z)) = 1.

Proof. If (a(x),b(z)) = 1, then a(x)f(z) + b(z)g(z) = 1 for some f(z),g(x) € S[z] by Theo-
rem 3.3.13. Conversely, if a(z)f(z) + b(x)g(x) = 1 for some f(z),g(x) € S[z], then by Theo-
rem 3.3.14, (a(x),b(x)) | 1. Hence, by Theorem 3.3.7, (a(x),b(z)) = k for some k € S, and since
(a(x),b(x)) is monic, k = 1. O

Finally, we have some related divisibility properties. The proofs of these properties are almost
identical to those of the analogous results for integers.

Theorem 3.3.20 (Euclid’s Lemma for Polynomials) If a(z) | b(z)c(x) and (a(z),b(z)) = 1,
then a(x) | c(z).

Proof. Since (a(x),b(z)) = 1, we have 1 = a(z)s(x) + b(x)t(x) for some s(z),t(x) € S[x], by
Theorem 3.3.13. Thus

e(x) = lale)s(x) + ba)t(x)le(x)
a(

+ [b(2)t(
= a(@)[s(z)c(z)] + [b(x)c(z)]t(z).
Since a(x) | a(x) and a(x) | b(x)c(x), we have
a(x) [ a(z)[s(z)c(x)] + [b(z)c(z)]t(z)
by the Combination Theorem, and hence a(x) | ¢(x). O
Theorem 3.3.21 If a(zx) | c(z) and b(z) | ¢(z), and (a(z),b(z)) =1, then a(z

)
Proof. Since (a(x),b(z)) = 1, we have 1 = a(z)s(x) + b(x)t(x) for some s(z),
Theorem 3.3.13. Since a(x) | ¢(z) and b(x) | ¢(x), we have c(z) = a(x)m(z) and c(x
for some m(z),n(z) € S[z]. Thus

clr) = ¢

= le(z)a
[b(

All of m(x), n(z), s(z), and t(x) are i
hence n(z)s(z) + m(z)t(z) is in Sx].

c(x) = a(x)b(z)[n(x)s(x) + m(z)t(r)]
implies a(z)b(z) | c(x). O
More generally, we have the following results, whose proofs are similar to the proofs of Theo-
rem 3.3.20 and Theorem 3.3.21 and are left to the exercises (see Exercises 3.3.11 and 3.3.12).
Theorem 3.3.22 If a(z) | b(x)c(x) and (a(x),b(z)) = d(x), then a(x) | c(z)d(z).
Theorem 3.3.23 If a(zx) | c(x) and b(z) | c(z), and (a(zx),b(z)) = d(z), then a(z)b(x) | c(z)d(x).
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§3.3 Exercises
For all exercises, S denotes Q, R, or C, and a(z), b(x), ¢(x), and d(z) denote polynomials in S[z].
1. Use Definition 3.3.1 to show that if a(x) | c(z) and b(z) | ¢(x), then a(x)b(z) | (c(x))?.
2. Show that if a(x) | b(x) and ¢(z) is any polynomial in S[z], then a(z) | b(z)c(x).
3. Show that if a(x) | b(x) and d(x) | ¢(z), then a(z)d(z) | b(x)c(x).
4. Show that if a(x) | b(x) and b(x) | ¢(z), then a(z) | c(x).

5. Use long division to find the quotient and remainder when b(z) is divided by a(z). Write
b(z) = q(x)a(z) + r(x), and expand the right hand side to check your answers.
)
a(z) =222 —x +2
(z)
)

For Exercises 6-8, find the greatest common divisor of the polynomials a(z) and b(x), and find
polynomials f(z) and g(x) so that (a(z),b(z)) = a(x) f(z) + b(x)g(z).

6. a(z) =22 -1
b(z) = 227 — 4a° 4 2
7. a(x)=x+3
b(z) =23 — 2z +4
8.

9. Show that if a(z) is monic and a(zx) | b(x), then (a(z),b(z)) = a(z).
[Hint: Show that a(x) satisfies the definition of the GCD of a(x) and b(x).]

10. Show that if k is a non-zero element of S, then (k- a(z),b(x)) = (a(x), b(z)).
[Hint: Let d(x) = (a(z), b(x)) and show that d(x) satisfies the definition of the GCD of k-a(x)
and b(z). You may need to use Exercise 2 above.]

11. Show that if a(z) | b(x)c(z) and (a(z),b(z)) = d(z), then a(x) | c¢(x)d(x); that is, prove
Theorem 3.3.22.

12. Show that if a(z) | ¢(x) and b(z) | ¢(x), and (a(z),b(x)) = d(z), then a(x)b(x) | c(x)d(x);
that is, prove Theorem 3.3.23.
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3.4 Synthetic Division

Long division of a polynomial p(x) by a monic polynomial z —a of degree 1 can be greatly simplified
by a process called synthetic division. This is essentially just long division with all unnecessary
information deleted. The procedure is described below with an example.

We will use synthetic division to find the quotient and remainder when p(z) = 22*— 1023+ 1322 — 4
is divided by = — 3.

1. Write the zero of the divisor (in this case, 3) next to an “upside down division sign:”

3|

2. Write the coefficients of p(x) (including all O coefficients) in descending degree order:

3|2 -10 13 0 —4

3. Under the division sign, draw a line and write the leading coefficient below the line:

3|2 -10 13 0 —4

2

4. Multiply the zero of the divisor (3) by the next coefficient below the line and write the product
above the line in the next column:

32 10 13 0 —4
6

2

5. Add the numbers in the next column and write the sum below the line:

312 =10 13 0 —4
6
2 -4

6. Repeat steps 4 and 5 until the last column is reached:

312 =10 13 0 -4
6 -12 3 9
2 -4 1 3 5

7. Interpret the result. The number in the last column (5) is the remainder. The other numbers
(2, —4, 1, and 3) are the coefficients of the quotient, in descending degree order. In this
example, the quotient is ¢(z) = 22 — 422 + x + 3 and the remainder is r(z) = 5. Hence

20 — 102 +132% — 4 = (223 — 42 + 2 + 3)(z — 3) + 5.
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Remarks:

1. This procedure works only if the divisor is of the form x — a, where a is an element of S (that
is, monic of degree 1). It does not apply, for example, to division of p(z) by 22 — 2 or 3z — 5.

2. The number to the left of the “division sign” is the zero of the divisor, that is, the value of z
that would make the divisor zero. Hence for x — 3 we write 3 and for x4+ 2 we would write —2.
In general, for z — a we write a. (Note that x +2 =z — (-2).)

3. A coefficient of 0 must be included for any “missing” terms in p(z). If deg p(x) = n, there
will be n + 1 coefficients. In the example above, deg p(z) = 4 and there are 5 coefficients, for
zt, 23, 22, x, and the constant term.

4. The coefficients must be written in descending degree order. Hence for dividing

p(x) = apx™ + 12" '+ +axr+a by z—a
we write:
a | anp QAaAp—1 -+ a1 Qo

5. The numbers in each column above the line are added to obtain the number below the line,
not subtracted.

6. If deg p(x) = n and p(z) is divided by = — a, of degree 1, then the quotient ¢(z) will be of

degree n — 1 and the remainder r(z) must have degree less than 1. Hence ¢(z) has exactly
one less coefficient than p(x), and r(x) will always be a constant.

Example: Divide p(z) = 32% + 32° + 22* + 623 — 2 +2 by a(z) = 2 + 1. Since there is no degree 2
term in p(z), the coefficient of 22 in p(z) is 0 and

p(x) = 32° + 32° + 221 + 62° + 02% — 2 + 2.

Since a(z) =z + 1 =x — (—1), the zero of a(z) is —1. We therefore start with:

-1]/3 326 0 -1 2

Following the steps described above, we obtain:

-1/3 32 6 0 -1 2
-3 0 -2 -4 4 -3
302 4 -4 3 -1

The quotient ¢(x) is of degree 6 — 1 = 5, with coefficients 3, 0, 2, 4, —4, and 3, hence

g(x) = 32°+ 02" +22% +42? — 42 +3
3x° + 22° 4 42 — 4a + 3.

The remainder is r(x) = —1. Hence, we have

325 + 325 + 200 + 62 — w42 = (325 + 223 +42® —dx +3)(z + 1) — 1.
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Use synthetic division to divide p(z) by a(z) and find the quotient ¢(x) and remainder r(z).

§3.4 Exercises

1. p(x) = 323 —456 —2x+7,
a(x) =z —

2. p(x) = 2° —21‘ — 523 4+ 322 + 4z + 1,
a(x) =z +

3. p(x) = 224 —1—333 — 222 + 42 — 3,
a(z)=z—1

4. p(x) = 323 — 42% + 32 — 7T,
a(r) = %

5. p(z) =3 dx — 5,
a(x) =z

6. p(x) = 22° —4x + 2z + 3,
a(z) =x —

7. p(a;)— — 8 4+22° — 23 + 2% + 22 + 4,
()

111
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3.5 Factors and Roots of Polynomials

Up to this point, we have viewed polynomials essentially as formal algebraic objects and have
studied the algebraic properties of addition, multiplication, and division of polynomials. We now
will also view polynomials as functions from the ring S to itself. Unless stated otherwise, S will
denote one of Q, R, C, or Z,, p a prime, hence S is a field.

Definition 3.5.1 If p(z) = ay2™ + ap—12" ' + -+ 4+ a12 + ag is a polynomial in S[z] and b is an
element of S, then p(x) evaluated at b is

p(b) = anb™ + an_1b" 1 4 -+ a1b + ap.
If p(b) = 0, we say b is a root of p(x) or a zero of p(x).

Since S is closed under addition and multiplication, p(b) is an element of S. Thus p(x) represents
the function from S to S sending an element b in S to the element p(b) in S. Evaluation of
polynomials is compatible with addition and multiplication of polynomials in the sense of the next
theorem, whose proof is straightforward but tedious.

Theorem 3.5.2 Let f(z) and g(x) be polynomials in S[z|, and let s(x) = f(x) + g(x) and p(z) =
f(z)g(x) be their sum and product, respectively. If b is an element of S, then s(b) = f(b) + g(b)

and p(b) = f(b)g(b).

This result is not as vacuous, or as obvious, as it may appear. For the product, it says that if we
multiply the polynomials f(x) and g(z) to obtain the polynomial p(x), and then evaluate p(b), we
get the same result as we would by evaluating f(b) and ¢(b), and then multiplying the elements f(b)
and g(b) of S. For example, let f(z) = 322 + 52 + 2 and g(z) = 2? — 4, and let b = 3. Then

p(z) = f(x)g(z) = 3z* + 52° — 102% — 202 — 8.

The theorem says that
p3)=3-3+5.32-10-32-20-3-38

is equal to
f(3)g(3) = (3-3*+5-342)(3% —4).
This very much depends on the fact that multiplication in the ring S of coefficients is commutative.
If multiplication in S were non-commutative, the result would be false. (Can you see why?)
We noted previously that if a polynomial p(x) is divided by = — a, then the remainder, being
of degree less than 1 by the Division Algorithm, must be a constant, that is, an element of S. The
next result specifies what this element of S must be.

Theorem 3.5.3 (Remainder Theorem) Let p(x) be a polynomial in S[z]| and let a be an element
of S. The remainder on diwvision of p(x) by x — a is p(a). Hence, p(x) = q(x)(z — a) + p(a).

Proof. By the Division Algorithm, we have p(x) = q(z)(x — a) + r(z) with ¢(z),r(z) € S[z| and
deg r(x) < deg (x —a) = 1. Thus r(z) is a constant, say r(z) = r € S. By Theorem 3.5.2, we then
have

pla) =q(a)(a—a)+r=q(a) - 0+r=r,

and so r = p(a) as claimed. O
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This result gives us an often very efficient method for evaluating a polynomial p(z) at an
element a of S. If we use synthetic division to divide p(x) by x — a, then p(a) is the remainder.

Example: Evaluate p(z) = 32% + 325 + 22 + 623 —z + 2 at = 1.
By the Remainder Theorem, p(1) is the remainder on dividing p(z) by = — 1, which we can find
by synthetic division:
3 2 6 0 -1 2
3 6 8 14 14 13
6 8 14 14 13 15

13

3

The remainder is 15 and therefore p(1) = 15. We can verify that this method worked in this case
by evaluating p(1) directly:

p(1)=3-143.1°42.-1"+6-1°-1+2=3+34+2+6—-1+2=15,
and so p(1) = 15 as claimed. O

Since a polynomial f(x) divides p(x) if and only if the remainder on division of p(z) by f(z)
is 0, the Remainder Theorem implies the following.

Theorem 3.5.4 (Factor Theorem) Let p(xz) be a polynomial in S[z] and let a be an element
of S. Then x — a | p(x) if and only if p(a) = 0. That is, x — a is a factor of p(z) if and only if a
is a root of p(x).

Proof. By the Remainder Theorem, p(a) is the remainder on dividing p(z) by z—a. Since x—a | p(x)
if and only if the remainder is 0, this implies z — a | p(z) if and only if p(a) = 0. O

Example: Let p(r) = 2% — 322 — 52 — 3. We have
p()=1*"-3.-12-5.1-3=1-3-5-3=-10,
hence 1 is not a root and = — 1 is not a factor of p(x). However,
p(-1)=(-1)*=3-(-1)>=5-(-1)-=3=1-3+5-3=0,

and so —1 is a root and x — (—1) = x + 1 is a factor of p(z). Note that although these values were
easy to compute directly, we would obtain more information by using synthetic division to evaluate
p(—1). We have
-1/1 0 -3 -5 -3
-1 1 2 3
1 -1 -2 -3 0

which shows that = + 1 is a factor of p(z), but also shows that the other factor is 3 — 22 — 2z — 3.
Hence p(z) = (z + 1)(2% — 2% — 22 — 3). O

Recall that if S = R, and p(x) is a polynomial in R[z], the graph of p(x) is the set of points
(a,p(a)) in the zy-plane. The z-intercepts of p(x) are the = coordinates of the points where the
graph of p(x) intersects the x-axis. Thus the z-intercepts are the numbers = = a such that p(a) = 0.
We therefore have the following corollary.
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Corollary 3.5.5 Let p(x) be a polynomial in Rz] and let a be a real number. The following are
equivalent.

i. x —a is a factor of p(x).
ii. a is a root of p(x).
ili. © = a is an x-intercept of p(x).

If a is a root of p(z), it is possible that (x — a)™ is a factor of p(z) for some m > 1. In this
case, we say a is a repeated root of p(x). More specifically, we make the following definition.

Definition 3.5.6 Let p(x) be a polynomial in S|x] and let a be a root of p(x) in S. If (x—a)™ is a
factor of p(z) but (x —a)™* ! is not a factor of p(z), we say a is a root of p(x) of multiplicity m.

The correspondence between factors and roots of p(x) allows us to factor p(z) if its roots are
known, or to find the roots of p(x) if the linear factors are known.

Theorem 3.5.7 Let p(x) be a polynomial in S[z] of degree n, with leading coefficient a. If p(x)
has n roots r1,72,...,my in S (including possibly repeated roots), then

p(x)=alx —ri)(x—re) - (x —ry).

Sketch of Proof. First write p(x) = a - p1(z), where pi(z) = 1p(z) is monic. (Note that p(z) and

p1(x) have the same roots, as p(r) = a-pi(r) = 0 if and only ifl'lpl(r) = 0.) By the Factor Theorem,
since 71 is a root of pi(x), we have
p(r) = a(z —r1)q(x)

for some q1(z) € S[z]. Then rq is a root of g (z) (see Exercise 3.5.9), and so

p(x) = a(z —ri)(x — r2)ga(z)
for some ¢a2(x) € S[x]. Continuing in this way yields the desired factorization. O
Corollary 3.5.8 If p(z) is a polynomial in S[z] of degree n, then p(x) has at most n roots in S.
Proof. If r1,r9,. ..,y are roots of p(x) in S, then

q(z) = (=)@ —r2) -+ (z = rm)

is a factor of p(x) of degree m. Hence by Theorem 3.3.5, we have

m = deg ¢(z) < deg p(z) = n,

and so m < n and the number, m, of roots of p(x) is at most n. O
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For the remainder of this section, we will assume S is one of Q, R, or C. If p(z) is a quadratic
polynomial (i.e., of degree 2), the roots of p(z) can be found with the Quadratic Formula.

Theorem 3.5.9 (Quadratic Formula) Let p(z) = az? + bz + ¢ be a polynomial in S[z], with

a # 0. The roots of p(x) are then
. —b+ Vb? — dac
N 2a '

Proof. We complete the square to solve the equation axz? + bz + ¢ = 0. Dividing both sides by the
leading coefficient @ and then subtracting ¢ from both sides yields

5 b c
T+ -—rx=——
a a

Complete the square on the left side by adding (%)2 to both sides to obtain

2 b (b 2 b\? ¢
T+ -z — ) ==] —-.
a 2a 2a a
The left side is now a perfect square and we have
n b\? b2 c b®—dac
T+ —) =——-—-=—.
2a 402 a 4q2

Taking square roots of both sides yields

b b2 —dac  +£vVb%2 — 4dac
T+ - =1y = :
2a 4a? 2a

Finally, subtracting % from both sides, we obtain

b N V0?2 —dac  —bx Vb —dac

r=——
2a 2a 2a

as claimed. O

There are similar, but much more complicated, formulas for the roots of cubic (degree 3) and
quartic (degree 4) polynomials in terms of radicals involving the coefficients. It can be proved that
no such general formula can exist for polynomials of degree 5 or higher.

The number b? — 4ac is called the discriminant of p(z). Note that the roots given by the
formula are in S if and only if > — 4ac is the square of an element of S. Hence there are three
possibilities:

1. If b2 — 4ac is not the square of an element of S, then p(x) has no roots in S.
2. If b2 — 4ac # 0 and is the square of an element of S, then p(z) has two distinct roots in S.

3. If b?> — 4ac = 0, then p(z) has one root in S of multiplicity 2.

In particular, suppose p(x) = az? + bx + ¢ is a quadratic polynomial with integer coefficients.
The roots of p(x) are rational if and only if b> — 4ac is a perfect square, that is, the square of an
integer. The roots of p(x) are real if and only if b — 4ac > 0. In any case, the roots of p(z) are
complex.
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The Quadratic Formula, along with Theorem 3.5.7, allows us to factor any quadratic polynomial
with roots in S. If p(z) = az? + bx + ¢ has roots 71 and ry in S, then

p(z) = a(z —ri)(x —r2).
Thus the problem of factoring a quadratic polynomial or finding its roots is solved by the formula.

Examples:

1. Factor p(x) = 22% + 2 + 5.
Note that the discriminant is 12 — 4(2)(5) = —39 < 0, so there are no real roots. The roots

are
. —-1++/-39
-—
that is,
1 V39 . 1 V39,
x:—Z—FTz and m:—z——z.

Therefore, since the leading coefficient of p(x) is 2, we have

s (e (4

2. Factor p(z) = 622 — 192 — 36.

In this case, the discriminant is (—19)? —4(6)(—36) = 1225 = 352, hence p(z) has two distinct
rational roots. The roots are

| —
|
E
Nej
~.
N~
| |

19 £ v1225 19+ 35

12 12
that is,
54 9 16 4
r=-—=—-and z=—— = ——.
12 2 12 3

Therefore, since the leading coefficient of p(x) is 6, we have

carmne-m-seaf - (] o(-3) ()

We will further refine this factorization below. OJ

Polynomials with Integer Coefficients

In general, finding exact values of irrational or complex roots of a polynomial is a difficult
problem. The problem of finding rational roots of a polynomial with integer coefficients, if they
exist, is relatively easy. In this section, we will state some results that are very useful for finding
roots and factors of polynomials with integer coefficients.
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Note that if p(z) has rational coefficients and m is the LCM of the denominators of the co-
efficients of p(z), then m - p(x) has integer coefficients. The polynomials p(z) and m - p(z) have
the same roots (why?), hence these results can also be adapted to find roots of polynomials with
rational coefficients.

We saw above how to factor a quadratic polynomial p(x) = ax? 4 bx + ¢ with roots r; and ro. If
the coefficients of p(z) are integers and the roots 1 and 7o are rational (not necessarily integers),
then it is actually possible to find integers a1, b1, az, and by such that

p(z) =a(x —ri)(x —1re) = (a1 — b1)(agx — be).

Thus a = ajaz, by = a7, and by = asrs.

Example: In the example above, we obtained

9 4

In this case, a = 6, r1 = 9/2 and ro = —4/3. If we let a; = 2 and ag = 3, so that
a=6=2-3=aas,

then
bl = airy = 2(9/2) =9

and
bz = agry = 3(—4/3) = —4,

and we have

o =o(e-2) (4 2) =3 (e-2) o (o4 2) = o o

Thus the polynomial p(x) can be written as a product of factors with integer coefficients. ]

This says that if a quadratic polynomial with integer coefficients can be factored as a product
of polynomials with rational coefficients, then it can be factored as a product of polynomials with
integer coefficients. This is, in fact, true for polynomials of any degree by the following result,
known as Gauss’s Lemma.

Theorem 3.5.10 (Gauss’s Lemma) Let p(x) be a polynomial with integer coefficients. If p(x) =
A(z)B(zx), where A(z) and B(x) are non-constant polynomials with rational coefficients, then there
exist rational numbers r and s such that a(x) = rA(xz) and b(z) = sB(x) have integer coefficients,
and p(z) = a(z)b(x).

The proof of Gauss’s Lemma requires some concepts we have not discussed and will be omitted
here. A proof can be found in almost any book on abstract algebra. The following example
illustrates the notation in the theorem.
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Example: Suppose we factor the polynomial p(z) = 6x° + 1123 + 1222 — 102 — 8 as

15 4 8
p(z) = 62° + 112% + 1222 — 102 — 8 = (2 2 5) <5m3+2m+5)’

so that A(z) = (¥ 22 —5) and B(z) = (% 2% + 2z + 2) in the notation of Gauss’s Lemma. Thus
p(z) € Z[z] is factored into a product of polynomials with rational coefficients. If we let r = 2/5
and s = 5/2, then

a(:v):rA(m):5<125 2 5):3932—2

and

b(z) = sB(x) = B (;L 2320+

Thus, since rs = (2/5)(5/2) = 1, we have

8
5> = 22% + 52 + 4.

p(x) =

Hence
p(z) = 62° + 1123 + 1222 — 10z — 8 = (322 — 2)(223 + 5z + 4)

and we have written p(x) as a product of polynomials with integer coefficients. O

According to the Factor Theorem, in order to factor a polynomial completely, we need to find
all of its roots. For a polynomial p(x) with integer coefficients, it is best to try to find all rational
roots first. The next result restricts this search to a relatively small number of potential roots.

Theorem 3.5.11 (Rational Root Test) Let p(z) = a,z™ + ap_12" ' + - + a1z + ag be a
polynomial with integer coefficients. If r/s is a rational root of p(x) with (r,s) = 1, then r | ag
and s | ay.

Proof. Let r/s be a rational root of p(z), where r, s € Z and (r,s) = 1. Since r/s is a root of p(z),
we have

0 = p(r/s)
r\n r\n—1 r
= an<7) + ap—1 <*> +--Far <*)+a0
S S S
n n—1 r
= tn a1+ ar fao.
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Multiplying both sides of the equation by s™ yields

™ 4+ 17" s 4 ap_or 2% 4 o 4 agris™ T2 4 agrs™ T + ags™ = 0. (%)

Thus we have

™ = —(Ap_ 1" s+ ap o 2R b apr?s T2 4 arrs™ T+ aps™)

2 _n—3

= —s(an_lrn_1 + Apor™ 254 -+ agr’s +agrs" T+ ags"_l)

i

which implies s | a,r™. If any prime divides both s and r™, then it also divides r by Theorem 2.5.6.
Since (s,7) = 1, there is no such prime and it follows that (s,7™) = 1. Now by Euclid’s Lemma
(Theorem 2.4.15), since s | a,r™ and (s,r™) = 1, we have s | a,.

Similarly, Equation (%) implies

n—3 .2

ags” = —r(anrn_l + a1 25 4 ap_or" 3% 4 4 agrs” T2 + als"_l)

i

and so 1 | ags™. As before, (r,s) =1 implies (r,s") = 1, and Euclid’s Lemma implies r | ay. O

Letting a, = 1 in the theorem, we have the following important special case of the Rational
Root Test.

Corollary 3.5.12 If p(x) = 2" + ap_12"" ' + --- + a17 + ap s a monic polynomial with integer
coefficients, then any rational root d of p(x) is an integer, and d | ag.

Proof. If d = r/s is a rational root of p(x) with (r,s) = 1, then by Theorem 3.5.11, s | 1 and r | ay.
Thus s = +1 and d = +r is an integer with d | ag. O

The Rational Root Test gives us a procedure to find all rational roots of p(x). Find all positive
divisors r of the constant term ag and all positive divisors s of the leading coefficient a,,. The only
potential rational roots are then the numbers 4+r/s. Evaluate p(x) at each of these values of x to
determine which are actually roots. (In general, many of these numbers will not be roots.)

Examples:
1. Find all potential rational roots of p(z) = 2° — 523 + 222 — Tz + 6.
By Corollary 3.5.12, all rational roots are integer divisors of the constant term, 6. Therefore,
the potential rational roots are +£1, £2, £3, and +6.
2. Find all potential rational roots of p(x) = 228 + 32 + 12.

By the Rational Root Test, the potential rational roots are the numbers £r/s, where r is a
positive divisor of the constant term, 12, and s is a divisor of the leading coefficient, 2. Thus

r=1,2, 3,4, 6, or 12
and
s=1or 2.

Therefore, the potential rational roots are

1
+5 = 41, 42, 43, +4, 46, +12, £, ig.
S

Of course, not all of the potential rational roots will be actual roots. ]
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By Corollary 3.5.5, the graph of p(x) may be used to help locate the roots. After finding the
potential rational roots, graph the function y = p(x) on a graphing calculator or computer. The
actual roots are the z-intercepts, so any potential rational roots that are clearly not x-intercepts
can be eliminated from the list of potential roots.

Note that for those numbers a that appear to be z-intercepts on the graph, it is still necessary
to verify computationally that p(a) = 0 or algebraically that  — a is a factor of p(z). The graph
on a calculator is merely an approximation of the graph of the function. It suggests numbers that
may be roots, but it is impossible to determine with certainty which numbers are roots from such a
graph without computational or algebraic verification. Moreover, p(x) could have irrational roots,
and it is generally not possible to guess the exact values of irrational roots from even a very accurate
graph.

The procedure can also be simplified somewhat by factoring after each root is found. If r/s
is a rational root of p(x) with (r,s) = 1, then Gauss’s Lemma implies p(z) can be factored as
p(x) = (sx — r)q(x), where g(x) also has integer coefficients. The roots of p(z) and ¢(z), other
than possibly r/s, are the same. Since g(z) has lower degree than p(x), it may be easier to factor.
Moreover, the leading coefficient and constant term of g(x) will be divisors of those of p(z), so ¢(z)
may have fewer potential rational roots than p(x).

Examples:

1. Factor p(x) = 923 — 322 — 5z + 2 completely.

By the Rational Root Test, the potential rational roots are the numbers £r/s, where r is a
positive divisor of the constant term, 2, and s is a positive divisor of the leading coefficient, 9.
Thus r =1 or 2 and s =1, 3, or 9. Therefore, the potential rational roots are

r 1 2 1 2
+- =41, +2, +-, +—, +—, +—.
S 33 9 9
Graphing the function p(x) = 92° — 322 — 52 + 2 on a calculator, it appears that possibly 1/3
and 2/3 may be roots. We use synthetic division to check whether either of these is a root.
First, we check 1/3:
/3|9 -3 -5 2
3 0 -5/3
9 0 -5 1/3

showing that 1/3 is not a root (as the remainder is not 0).

Next, we check 2/3:

2/3]9 -3 -5 2

6 2 =2
9 3 -3 0
showing that 2/3 is a root and that
2 2
p(z) = T3 (9% 4 3z — 3)
2 2
= (-3 3(3z" 42 —1)
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Finally, we factor the quadratic polynomial ¢(x) = 322 + 2 — 1. Observe first that the
discriminant of q(z) is 12 — 4(3)(—1) = 13, which is positive but is not the square of an
integer. Therefore, the remaining roots are real but irrational. By the Quadratic Formula,

the roots are
-1+ +v13 -1 —-+/13

Therefore, since the leading coefficient of ¢(z) is 3, we have

Q($)23x2+x—1:3 [;p_ <_1+6\/ﬁ>] [:L’— <—1—6\/ﬁ>] ’
and we have

T o )| | M Ee]

over the real numbers.

2. Factor p(z) = 2* + 223 — 1022 — 412 — 60 completely.

By Corollary 3.5.12, the potential rational roots of p(z) are the integer divisors of 60, hence
are
+1, £2, 43, +4, +5, 46, £10, +£12, +15, £20, +30, +60.

Graphing the function p(z) = 2* + 223 — 1022 — 412 — 60 on a calculator, it appears that

possibly —3 and 4 may be roots. We use synthetic division to check whether either of these
is a root. First, we check —3:

-3[1 2 —10 —41 —60
-3 3 21 60
1 -1 -7 =20 0

showing that —3 is a root and p(z) = (z + 3)(2® — 2% — 7z — 20).

If 4 is a root of p(z), then it is also a root of g(x) = 2% — 2% — Tz — 20. We check whether 4

is a root:
411 -1 -7 —20
4 12 20
1 3 5 0

showing that 4 is a root of ¢(z) and q(x) = (x — 4)(2® + 3z + 5). Thus

p(z) = (z+3) (2% — 2% — Tx — 20) = (z + 3)(x — 4) (2 + 32 + 5).

Finally, we factor the quadratic polynomial r(z) = z? + 3z 4+ 5. Observe first that the

discriminant of r(z) is 3% — 4(1)(5) = —11 < 0, and so the remaining roots are complex and
not real. By the Quadratic Formula, the roots are
—-3+v-11
r=—")

2
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that is,

Therefore, since r(z) is monic, we have

3 VI, 3 VIL,
T — —54—71 T — —5—71 ,

r(z) =2* + 3z +5 =

and so

p(x) = (:v+3)(x—4)(x2+3x—|—5) = (z+3)(z—4)

| —— |

8

|
/|\

|

+
°E
—

~.
~
| F——
| —— |

8

|

|
DO o

|
E
—t

-~
~

over the complex numbers. ]

83.5 Exercises

1. Use synthetic division to find the quotient and remainder when p(z) is divided by f(z).

(a) p(x) =323 — 1222 — 9z + 1, f(x) =2 — 5.
(b) p(z) = 2° — 923 + 222 + 2 — 11, f(x) =z + 3.
2. Use synthetic division and the Remainder Theorem to evaluate p(a) and determine if z — a
is a factor of p(x).
(a) p(z) =% -2+ 2+5,a=—1.
(b) p(x) = 2* + 323 — 1622 — 272 + 63, a = 3.
3. Use the Quadratic Formula to help in factoring p(x). If the roots are rational, write the

factors with integer coefficients. If the roots are real but not rational, write the factors with
real number coefficients. If the roots are not real, factor over C.

(a) p(x) =622 — 11z — 72
(b) p(z) =322+ 52— 7
(c) p(x) =222+ 5z + 4
4. Find all potential rational roots of p(x). (You need not determine which are actual roots.)
(a) p(x) = x® — 42® + 18
(b) p(z) = 32 + 622 — 5z — 10
(c) p(z) = 42* + 323 + 222 + 6
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. Factor the following polynomials completely (over C, if necessary).

(a) p(z) =223 + 322 — 32z + 15
(b) p(z) = 2% + 522+ 2 —10

)
)

. Factor p(z) = 32* + 523 — 222 — 3z + 1 completely (over C, if necessary).

. Factor p(z) = 22* — 112° + 2022 — 142 + 3 completely (over C, if necessary).
(

. Factor p(z) = 22* — 172 + 4322 — 372 + 6 completely (over C, if necessary).

. Let p(x) = (x —r)q(x), where p(z) and ¢(z) are polynomials in S[z] and r is an element of S.

Show the following.

(a) If a is a root of p(z) with a # r, then a is a root of ¢(z).
(b) If b is any root of ¢(z), then b is a root of p(x).

[Hint: Use the definition of root, not the Factor Theorem.]

Let f(x) and g(z) be polynomials in S[z|. Prove that if (f(x),g(z)) = 1, then f(z) and g(x)
have no root in common.

Let p(x) be a polynomial in S[z]. Show that if p(z) has a repeated root r, then r is also a
root of the derivative p/(z) of p(z).

[Hint: Write p(z) = (z — r)?q(z), where g(z) is in S[x]. Use the product rule to find p’(z),
and show r is a root of p/(z).]
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3.6 Irreducible Polynomials

We will now study polynomials that cannot be factored, called irreducible polynomials. The ir-
reducible polynomials will play essentially the same role in our study of polynomials that prime
numbers did in our study of the integers. In this section, we will primarily be concerned with
deriving criteria which will help us to recognize irreducible polynomials.

Definition 3.6.1 Let p(z) be a non-constant polynomial in S[x]. We say p(x) is irreducible
over S (or irreducible in S[x]) if p(z) cannot be factored as p(x) = A(x)B(z) with A(x), B(z)
non-constant polynomials in S[x]. If p(x) has such a factorization, we say p(z) is reducible
over S.

In other words, p(x) is irreducible if the only divisors of p(z) are constants and constant multiples
of p(z). Note that p(x) is reducible over S if and only if there are polynomials A(z) and B(x) in S[z]
such that 1 < deg A(z) < deg p(x), 1 < deg B(z) < deg p(x), and p(z) = A(z)B(x).

We should also point out that for polynomials in Z[z], the definition of irreducible polynomial
given here is slightly different than that usually given for an “irreducible element” in a ring. Our
definition would say that the polynomial 2z — 2 is irreducible over Z. The ring theoretic definition
would say that this polynomial is not an irreducible element of Z[z] because 2z — 2 = 2(x — 2),
and the factor 2 does not have a multiplicative inverse in Z[z], hence is a “legitimate” factor.
Our definition does agree with the standard definition in case .S is a field, however, and the slight
difference in case S = Z will cause no difficulties.

Note: Whether or not p(z) is irreducible depends very much on the ring S of coefficients. For
example, 22 — 2 is irreducible over Q, but 2 —2 = (z —v/2)(x +/2) over R or C. Similarly, 2% +1
is irreducible over Q and over R, but is reducible over C, as 2% + 1 = (z — i)(z + ).

For now, the ring S of coefficients will be one of Q, R, C, or Z,, p a prime, hence S is always
a field. Although we will consider polynomials with integer coefficients, there will be no loss in
considering such polynomials to be in Q[z]. This is due to the fact that irreducibility over Z and
over Q are equivalent by the next result, which follows from Gauss’s Lemma.

Theorem 3.6.2 A polynomial p(x) with integer coefficients is irreducible over Z if and only if p(z)
is irreducible over Q.

Proof. Let p(x) be a polynomial with integer coefficients. We prove the equivalent statement that
p(z) is reducible over Z if and only if p(z) is reducible over Q.

If p(x) is reducible over Z, then p(x) = a(z)b(x), where a(x) and b(z) are non-constant poly-
nomials in Z[z]. Since Z[x] is contained in Q[z], we have a(x),b(x) € Q[x] as well, and so p(z) is
reducible over Q.

Conversely, if p(z) is reducible over Q, then p(z) = A(x)B(z), where A(x) and B(x) are non-
constant polynomials in Q[z]. By Gauss’s Lemma (Theorem 3.5.10), there exist polynomials a(x)
and b(x) in Z[x] that are constant multiples of A(x) and B(z), respectively, hence are non-constant,
such that p(z) = a(x)b(x). Therefore, p(x) is reducible over Z. O
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Recall that since we are assuming S is a field, multiplication by a non-zero constant has no
effect on divisibility of polynomials in S[z|. It follows that multiplication by a non-zero constant
has no effect on irreducibility.

Theorem 3.6.3 Let p(z) be a polynomial in S[x] and let k be a non-zero element of S. Then
k- p(x) is irreducible over S if and only if p(x) is irreducible over S.

We next state some results that are useful in determining whether a given polynomial is irre-
ducible. The first follows immediately from the definition and the fact that the degree of a product
is the sum of the degrees of the factors.

Theorem 3.6.4 Every polynomial in S[x] of degree 1 is irreducible over S.
The Factor Theorem implies the following result.

Theorem 3.6.5 Let p(x) be a polynomial in S[x] with deg p(x) > 1. If p(z) has a root in S
then p(x) is reducible over S.

Proof. By the Factor Theorem (Theorem 3.5.4), if a € S is a root of p(x), then p(z) = (x — a)b(x)
for some b(x) € S[x]. Hence, by Theorem 3.1.8,

1 < deg p(z) = deg (z — a)b(x) = deg (x — a) + deg b(z) = 1 + deg b(x),

and so deg b(z) > 0. Thus both  — a and b(z) are non-constant polynomials in S[z|, and hence
p(z) is reducible over S. O

The theorem implies that if p(z) is irreducible over S, then p(x) has no root in S. The converse
is false in general, however. If p(x) has no root in S, it is not necessarily true that p(x) is irreducible.
For example, p(x) = 2* — 4 = (22 — 2)(2® + 2) has no roots in Q, but p(z) is clearly not irreducible
over Q. Thus showing that a polynomial does not have a root in S is not sufficient to prove that
the polynomial is irreducible, in general. If the degree of the polynomial is small enough, however,
this will be sufficient to prove irreducibility.

Theorem 3.6.6 A polynomial p(z) in S[x] of degree 2 or 3 is irreducible over S if and only if p(x)
has no root in S.

Proof. Let p(z) be a polynomial in S[x] of degree 2 or 3. We prove the equivalent statement that
p(z) has a root in S if and only if p(z) is reducible over S. If p(z) has a root in S, then, since
deg p(z) > 1, Theorem 3.6.5 implies that p(x) is reducible over S.

Conversely, if p(z) is reducible over S, then p(x) = f(x)g(x) for some f(x),g(z) € S[z] with
deg f(x) > 1 and deg g(x) > 1. Now if both deg f(x) and deg g(x) are greater than 1, hence are
at least 2, then

deg p(z) = deg f(x)g(x) = deg f(x) + deg g(x) = 4.
Therefore, since the degree of p(z) is 2 or 3, at least one of f(z), g(z) is of degree 1.

We may assume without loss of generality that deg f(x) = 1, and so f(x) = axz + b for some
a,b € S with a # 0. Since S is a field, —b/a is in S and

p(=b/a) = f(=b/a)g(=b/a) = (a(=b/a) + b)g(=b/a) = (=b+ b)g(—b/a) = 0 - g(=b/a) = 0.
Hence —b/a € S is a root of p(z). O
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Using this theorem and previous results on the quadratic formula and on rational roots of
polynomials, it is easy to determine if a polynomial of degree 2 or 3 with integer coefficients is
irreducible over Q.

Examples:

1. The polynomial p(z) = 223 — 522 + 1 is irreducible over Q.

Proof. Since deg p(z) = 3, Theorem 3.6.6 says we need only show that p(x) has no roots
in Q. By the Rational Root Test (Theorem 3.5.11), the only possible rational roots are £7/s,
where r | 1 and s | 2. Thus r =1 and s = 1 or 2, and so the possible rational roots are +1
and +1/2. It is easy to verify that

Hence p(x) has no roots in Q and is therefore irreducible over Q. u
2. A quadratic polynomial az? + bx + ¢ with integer coefficients and a # 0 is irreducible over Q

if and only if the discriminant b?> — 4ac is not a perfect square.

Proof. Since deg p(z) = 2, Theorem 3.6.6 says that p(z) is irreducible over Q if and only if
p(x) has no roots in Q. By the Quadratic Formula, the roots of p(x) are in Q if and only if
Vb2 — 4ac is rational. By Theorem 2.5.10, v/b% — 4ac is rational if and only if it is an integer.
Thus p(z) has a root in Q if and only if b? — 4ac is a perfect square, and so p(z) has no roots
in Q (hence is irreducible) if and only if b* — 4ac is not a perfect square. O

Determining whether a polynomial of degree greater than 3 is irreducible is a more difficult
problem. In particular, it is not sufficient to simply show that the polynomial has no rational roots.
This is necessary, as it shows that there are no factors of degree 1, but it does not eliminate the
possibility that there may be factors of higher degree.

Examples:

1. Let p(z) = 2* — 222 4+ 3. By the Rational Root Test, the only possible rational roots are 41
and £3. It is easily verified that none of these is a root, and so p(z) has no rational roots.
However, since p(z) = (2% — 3)(22 + 1), it is clear that p(x) is not irreducible over Q.

2. The polynomial p(x) = z* + 323 + 22 + 4 + 2 is irreducible over Q.

Proof. By the Rational Root Test (Theorem 3.5.11), the only possible rational roots of p(x)
are integer divisors of 2, hence are +1 and +2. We have

p(1) =11, p(—1) = =3, p(2) = 54, and p(—2) = —10,

hence p(x) has no rational roots and therefore no linear factors.

Since deg p(z) = 4, if p(z) is reducible over Q, it must factor as a product of two quadratic
polynomials. By Gauss’s Lemma (Theorem 3.5.10), since the coefficients of p(x) are integers
and p(x) is monic, if p(z) is reducible then

p(x) = (2% + az + b) (2 + cx + d),
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where a, b, ¢, and d are integers. Hence we have
p(x) =2t +323 + 2 + 4z + 2 =2+ (a + ¢)2® + (ac+ b+ d)2® + (ad + be)x + bd.

Equating corresponding coeflicients yields the system of equations

a+c = 3 (3.4)
ac+b+d = 1 (3.5)
ad+bc = 4 (3.6)
bd = 2. (3.7)

Since bd = 2 by Equation 3.7 and b, d € Z, we have either that one of b or d is 1 and the other
is 2, or one is —1 and the other is —2. Hence, in any case, b + d = £3. By Equation 3.4,

c=3—a, and so

ac=a(3 —a) = 3a — a>.

If b+ d = 3, then substituting ac = 3a — a? and b+ d = 3 in Equation 3.5, we obtain
(3a —a?®)+3=1,

or
a?—3a—2=0.

The discriminant of this quadratic equation is (—3)? — 4(1)(—2) = 17, which is not a perfect
square. Hence the solutions are not rational.

If b+ d = —3, then substituting ac = 3a — a® and b + d = —3 in Equation 3.5, we obtain
(3a —a®) -3 =1,

or
a®> —3a+4=0.

The discriminant of this quadratic equation is (—3)% —4(1)(4) = —7, which is negative. Hence
the solutions are not real numbers.

In either case, a is not an integer. Therefore, no integers a, b, ¢, d can satisfy all of Equations
3.4-3.7, and hence p(z) is irreducible over Q. O

The following result can be very helpful in proving that a polynomial with integer coefficients
is irreducible over Q.

Theorem 3.6.7 (Eisenstein’s Criterion) Let a(z) = ap,2™ + ap_12" ' + -+ + a1z + ag be a
polynomial with integer coefficients. If there is a prime number p such that

p‘a()ap’alr"?p’an—l

but
p1ta, and p2 1 aop,

then a(x) is irreducible over Q.
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Proof. 1f deg a(z) = n = 1, then a(z) is irreducible over @, so we may assume n > 2. We suppose
a(x) is not irreducible and reach a contradiction.

By Gauss’s Lemma (Theorem 3.5.10), if a(x) is not irreducible over Q, then a(z) factors over Z.
Hence there is a factorization

a(z) = (byz" + bp_1z" V4 b+ bo)(csz® + 12V b+ co) (%)

where I<r<n—-land1<s<n—-1;7r+s=n;b,c; €Zforall i, j; b, # 0 and ¢y # 0.

We have p | ap and ag = byco, and so p | bpcg. By Euclid’s Lemma for Primes (Theorem 2.5.6),
this implies p | by or p | co. But, since p? { ag, p cannot divide both by and ¢y. Hence p divides
exactly one of by, cp. We may therefore assume without loss of generality that p | by and p 1 co.

Since p 1 a, and a, = b,cs, we have that p { b,. Thus p | by and p t b,, and so there is a
smallest integer k such that p t by; that is p 1 by for some k with 1 <k <r <n—1, but p | b; for
0<i<k-1.

By definition of polynomial multiplication (Definition 3.1.5), we have

ar = bgco + bg_1c1 + -+ + bicg—1 + bock.

Since k < n — 1, we know by hypothesis that p | ax. Also, p | b; for i = 0,1,...,k — 1. Hence by
the Combination Theorem (Theorem 2.2.3), we have

p|ak — (bg—1c1+ -+ bocg);

that is, p | bxco. By Euclid’s Lemma for Primes, this implies p | b; or p | ¢o, a contradiction. Hence
there is no factorization of the form (x), and so a(z) is irreducible over Q. O

We showed previously that the square root of a prime number must be irrational. The next
result, which is an easy consequence of Eisenstein’s Criterion, implies that every root of a prime
number is irrational.

Corollary 3.6.8 If p is a prime number, then x™ — p is irreducible over Q for everyn > 1.
Proof. The prime p satisfies the hypotheses of Eisenstein’s Criterion. g

Corollary 3.6.9 If n is any positive integer, then there is an irreducible polynomial in Q[z] of
degree n.

Proof. By the previous corollary, z" — 2 is irreducible over Q of degree n. O

The second corollary says that there are irreducible polynomials over QQ of every possible degree.
This differs considerably from the situation for polynomials over R or C. The following very deep
theorem, first proved by Gauss, says that the only irreducible polynomials with complex coefficients
are those of degree 1.

Theorem 3.6.10 (Fundamental Theorem of Algebra) If p(x) is a non-constant polynomial
in Clz], then p(z) has at least one root in C.
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Corollary 3.6.11 No polynomial in C[z] of degree greater than 1 is irreducible over C. FEuvery
non-constant polynomial in Clz] can be factored as a product of linear polynomials in C|x].

The Fundamental Theorem of Algebra says that the field C of complex numbers is algebraically
closed. This means roughly that no larger field can be obtained from C by algebraic operations such
as taking roots. For example, we obtained C from R by “adjoining” +/—1, but any such operation
on complex numbers will just yield complex numbers. There are fields that properly contain C,
such as the field C(z) of rational functions in = with complex coefficients (see Theorem 3.1.12).
Such fields cannot be obtained by adjoining roots of complex polynomials to C, however.

The situation for polynomials in R[z] is only slightly less restrictive. It is easy to show, using
the Intermediate Value Theorem (as studied in Calculus), that every polynomial in R[z] of odd
degree has a root in R. Thus, in particular, there are no irreducible polynomials of odd degree
greater than 1 in R[z]. Tt is possible, however, for a polynomial in R[z] of even degree to have no
real roots. For example, the polynomial f(z) = z* + 322 4 2 has no real roots. As noted above,
this does not imply f(z) is irreducible, and in fact f(z) = (2% + 1)(z% + 2).

A polynomial of degree 2 in R[z] with a negative discriminant has no real roots and is therefore
irreducible over R. Hence there are irreducible polynomials in R[z] of degree 1 and of degree 2. By
the Quadratic Formula, if a quadratic polynomial with real coefficients has complex roots, they are
conjugates of each other. It is true more generally that the complex roots of a polynomial with real
coeflicients of any degree must occur in complex conjugate pairs. We can show, using this result
and the Fundamental Theorem of Algebra, that no polynomial in R[z] of degree greater than 2 is
irreducible over R.

Theorem 3.6.12 Let p(x) be a polynomial with real coefficients. If z is a complex root of p(x),
then the complex conjugate Z of z is also a root of p(x).

Proof. Let p(z) = apx™ + ap_12" 1 + -+ + a1x + ag, with a; € R for all i, and let z € C be a root.
Thus we have
p(2) = an2" + an12" '+ Farz+ag = 0. (%)

By the definition of the complex conjugate (Definition 1.2.3), it is clear that the conjugate of any
real number is the number itself. Hence @; = a; for each i. Also, by Theorem 1.2.4, the conjugate of
a sum is the sum of the conjugates and the conjugate of a product is the product of the conjugates.
From this, it also follows that z™ = (Z)™ for any positive integer m. Therefore, we have

p(Z) = @@ +an1(E)" -+ aZ+ag
= @) " +a, 1" '+ +az+ag since a; € R for all 4,
= 2" +a,_12" '+ .-+ a1 z+ag by Theorem 1.2.4 (ii),
= W24 ap_ 12" 4 + a1z +ag by Theorem 1.2.4 (ii),
= apz"+ap_12"" 14+ ---+a1z+ag by Theorem 1.2.4 (i),
= 0 by (%),
= 0.

Hence p(Z) = 0 and Z is a root of p(x). O
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Theorem 3.6.13 (Fundamental Theorem of Algebra — Real Number Version) Every
non-constant polynomial in R[x| can be factored as a product of linear and irreducible quadratic
polynomials in R[z].

Proof. Let p(x) be a polynomial with coefficients in R. By the Fundamental Theorem of Algebra,
p(zx) factors as a product of linear factors over the complex numbers C. By Theorem 3.6.12, the
non-real roots come in complex conjugate pairs. Therefore, if a € R is the leading coefficient of
p(z), then over C, p(z) can be factored as

p(@) = alx —r)(x—ra) - (2 —rm)(z - 21)(z —21) (2 — 22)(x = Z2) -~ (2 = 20) (2 — Zn),

where 71,79, ..., 7, are the real roots of p(x) and 21,727, 22, %3, . . . , 2n, Z,, are the complex, non-real,
roots of p(x).
For each i = 1,...,n, we have

(- 2z)(z—7) =2° — (s + T)7 + 27

By Proposition 1.2.5 (i), z; + %z = 2Re(z;) € R and by Proposition 1.2.6 and Definition 1.2.8,
2% = |zi|* € R. Therefore, we have

p(x) =a(x —r) - (x — ) (22 — 2Re(21)z + |21]?) - - - (2% — 2Re(20)z + |20]?),

and the coefficients of each factor are real numbers. Hence this factorization into a product of linear
and quadratic factors is over the real numbers R. ]

In particular, the theorem implies the following corollary.

Corollary 3.6.14 No polynomial of degree greater than 2 with real coefficients is irreducible over R.
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§3.6 Exercises

. Find all irreducible polynomials of degree 2 or 3 in Za[z].
. Find all monic irreducible polynomials of degree 2 or 3 in Zs[x].

. Show that the condition that p be a prime in Eisenstein’s Criterion is necessary by finding a

polynomial a(x) = a,z" + an_12" " + -+ + a1x + ap and an integer m such that
2
m | ag, m|ay, ..., m|ap—1, mtay, and m-{ ap,

but a(z) is NOT irreducible.

. Show that f(z) = x* + 23 — 22 — 4 does not have a rational root and show that f(x) is NOT

irreducible over Q.

Show that the following polynomials are irreducible over Q.

10.
11.
12.

13.

f(z) =23 + 322 + 2
flx) =223 +4x +5
f(x) =zt — 32* + 1223 + 362 — 6
flx) =5z —Tx+7
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3.7 Irreducible Polynomials as Primes

In this section, S will always denote one of QQ, R, or C.

As noted previously, the irreducible polynomials are the analogues in S|x] of the prime numbers
in Z. Many of the results we proved about prime numbers can be restated in terms of irreducible
polynomials. Compare the results in this section to those on primes in §2.5 and §2.6. The first
result is analogous to the Prime Divisor Principle (Theorem 2.5.2).

Theorem 3.7.1 (Irreducible Factor Principle) If a(x) is a non-constant polynomial in S[z],
then there is an irreducible polynomial in S[z] that divides a(x).

Proof. Let S be the set of all degrees of non-constant divisors of a(z) in S[z]. Since a(z) | a(z) and
a(x) is non-constant, we have deg a(z) € S and so S is non-empty. By the Well-ordering Principle
(Theorem 2.1.1), S has a smallest element, say m, and so there is a non-constant divisor d(x) of
a(x) in S[x] of degree m > 1. Thus d(x) is a non-constant divisor of a(z) of smallest degree. We
will show that d(z) is irreducible.

Suppose d(x) is not irreducible. Then, since d(x) is non-constant, we have d(z) = f(x)g(x),
where f(z) and g(x) are non-constant polynomials in S[x| satisfying deg f(z) < deg d(z) and
deg g(z) < deg d(z). Now d(x) = f(x)g(x), so f(x) | d(x), and we chose d(z) to be a divisor of a(z),
so d(x) | a(z). Thus by transitivity of divisibility (Theorem 3.3.2 (iv)), we have f(z) | a(z). But
deg f(x) < deg d(x) and d(x) is a non-constant divisor of a(x) of smallest degree, a contradiction.
Therefore, our assumption that d(z) is not irreducible must be false, and so d(z) is an irreducible
divisor of a(z). 0

The next theorem is a special case of Euclid’s Lemma for Polynomials where the divisor is
irreducible. It is analogous to Euclid’s Lemma for Primes (Theorem 2.5.6).

Theorem 3.7.2 (Euclid’s Lemma for Irreducible Polynomials) If p(x) is an irreducible
polynomial in S[x] and p(x) | a(x)b(x), where a(x), b(x) are in S[x|, then p(x) | a(x) or p(x) | b(z).

); a(z)

Proof. Since p(z) is irreducible and (p(x),a(x)) is a divisor of p(z), we have either (p(x),a(z)) =
or (p(z),a(x)) = k- p(x) for some non-zero constant k € S. If (p(x),a(z)) = 1, then p(x) | b(z) by
Euclid’s Lemma for Polynomials (Theorem 3.3.20). If (p(z),a(x)) = k- p(x), then k- p(z) | a(x) by

definition of GCD. Since p(z) = 1 (k - p(z)), it follows that p(z) | a(z) by Proposition 3.3.3. Hence

either p(z) | a(x) or p(z) | b(x). O

Corollary 3.7.3 If p(z) is an irreducible polynomial in S[z| and p(z) | ai(x)az(z) - - - an(x), where
the a;(x) are in S[z], then p(z) | ai(z) for some i.

Proof. We proceed by induction on the number n of factors. If n = 1, the hypothesis becomes
p(z) | a1(x) and the conclusion is obvious. Hence the result is true if n = 1.
Assume now that the result holds for n = k; that is,

if p(z) | a1(x)az(x) - - - ar(z) then p(x) | a;(z) for some i = 1,2,...,k (*)
and show that the result holds for n = k + 1; that is,

if p(z) | a1(x)az(x) - - - ag(x)ags+1(x) then p(z) | a;i(z) for some i =1,2,...,k+ 1.
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Let a(z) = ai(x)az(z) - - - ar(x) and b(z) = ags1(z). If p(z) | ar1(x)ag(x) - - - ag(x)agy1(x), then
p(z) | a(x)b(x). By Theorem 3.7.2, we have that p(z) | a(z) or p(x) | b(x). If p(z) | a(z), then
p(z) | a1(x)az(z) - - - ag(z), and by the inductive hypothesis (*), p(z) | a;(x) for some i = 1,2,... k.
If p(x) | b(z), then p(x) | axy1(x). Hence, in any case, p(z) | a;(x) for some i = 1,2,...,k + 1.
Therefore, if the statement is true for n = k, then it is true for n = k 4+ 1, hence the result holds
for all n > 1 by the Principle of Mathematical Induction. O

Corollary 3.7.4 If p(z) is an irreducible polynomial in S|x] and p(z) | q1(z)q2(x) - - - gn(z), where
q1(z),q2(x), ..., qn(x) are irreducible polynomials in S[z], then p(z) = k- q;(x) for some i and some
number k in S.

Proof. By Corollary 3.7.3, if p(z) | ¢1(x)g2(z) - - - gn(x), then p(x) | gi(z) for some i = 1,2,... n.
Since g;(z) is irreducible, its only non-constant divisors are multiples of ¢;(x) itself, and since p(x)
is irreducible, hence non-constant, this implies p(x) = k - g;(x) for some k € S. O

We also get a polynomial version of the Fundamental Theorem of Arithmetic (Theorem 2.5.11).

Theorem 3.7.5 (Unique Factorization) Let a(z) be a non-constant polynomial in S[z]. Then
either a(x) is irreducible or a(x) is a product of irreducible polynomials in S[x]. In case a(x) is not
irreducible,

a(x) = a-pi(x)*pa(x)® - pr(x)®,

where « is the leading coefficient of a(x), the pi(z) are distinct, irreducible, monic polynomials
in S[x], and a; = 1 for all i. This factorization is unique except for the order in which the factors
are written.

Proof. We first show such a factorization exists. By the Well-ordering Principle (Theorem 2.1.1), if
there is a non-constant polynomial that is not irreducible or a product of irreducible polynomials,
then there is one of smallest degree, say m(x). Since m(x) is non-constant and is not irreducible,
m(x) = f(x)g(x) for some non-constant polynomials f(z) and g(x) with deg f(z) < deg m(x) and
deg g(z) < deg m(z). By the minimality of deg m(x), each of f(z), g(z) is either irreducible or a
product of irreducible polynomials. Hence f(x)g(x) = m(x) is a product of irreducible polynomials,
contradicting the choice of m(x). Therefore, our assumption that there is a non-constant polynomial
that is neither irreducible nor a product of irreducible polynomials must be false.

To prove uniqueness, suppose a(z) can be written as a product of irreducible polynomials in two
ways. Let p1(x),p2(x),...,pr(x) be all of the distinct monic irreducible polynomials that appear
in at least one of the two factorizations. Writing products of repeated irreducible factors as powers
(recalling that p;(z)? = 1) and denoting by a the leading coefficient of a(z), we can write the two
factorizations in the form

a(x) = - pi(a)pz(2)™ - pr(2)™ = a-pi(e)pa(a)’ - pr(2)”,

where a;,b; € Z and a; > 0, b; > 0 for all i (and, for each i, at least one of a;, b; is non-zero). We
must show that a; = b; for all i.

Suppose a; # b; for some i. We may assume, without loss of generality, that ¢ = 1 and b < ay.
Dividing both factorizations by p1(z)* yields

a1—b; az -pr(CU)aT = pQ(x)b2 o 'pr(x)br'

p1(x) p2(x)
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Now by < aq, hence a; — by > 0 and so pi(x) divides the factorization on the left. By equality, we
must also have

pr(@) | pa(x)’ - pr(2)".

By Corollary 3.7.4, this implies pi(x) = k - pj(z) for some 2 < j < r and some constant k € S.
Since both pq(x) and p;(x) are monic, k = 1 and pi(x) = p;(x), contradicting the fact that the
polynomials p;(x), pa(z),...,pr(x) are distinct. Hence a; = b; for all i and the expression of a(z)
as a product of irreducible polynomials is unique, except for the order of the factors. O

This theorem states that every non-constant polynomial in S[x] has a “canonical” factorization
as a product of irreducible polynomials. As we did for integers (Proposition 2.6.1), we can compare
two polynomials by allowing the exponents a; of the irreducible factors to be 0, and then writing
both polynomials as products of powers of the same irreducible polynomials. We can use this to
characterize divisibility in terms of factorizations into products of irreducible polynomials (compare
to Theorem 2.6.2).

Theorem 3.7.6 Let a(z) = api(z)®p2(2)?2 - pr(x)* and b(z) = Bpi(z)*pa(z)?2 - p,(z)br,
with the p;(x) distinct, monic, irreducible polynomials in S[x], o and 3 non-zero numbers in S,
and a; =0, b; >0 for alli. Then a(z) | b(x) if and only if a; < b; for all .

Proof. Suppose first that a(z) | b(z), so that b(x) = f(z)a(x) for some polynomial f(z) € S[z].
If p(z) is any irreducible factor of f(x), then p(x) | f(z) and f(x) | b(x), hence p(z) | b(x) by
Theorem 3.3.2 (iv). Therefore, every monic irreducible factor of f(x) is one of the p;(x), and we
can write

f(x) =ypr(z)" p2(2)"? - - - pr(x)™,

where n; > 0 for each ¢ and v € S is a non-zero constant.
Writing b(z) = f(x)a(z) in terms of the irreducible factorizations, we have

)b2 . -pr(x)br _ ’Y(pl(x)nIPQ(x)m .. .pT(x)nr) . a(pl(x)me(x)az .. .pr(x)ar)

= yapy(z)" T py(2)" T py (@)

Bp1(z)" pa(x

and so b; = n; + a; for each i, by uniqueness of factorization (see Theorem 3.7.5). Since n; > 0 for
each 7, we have a; < n; + a; = b; for each i.

Conversely, suppose a; < b;, so that b; — a; > 0, for each i. Also, since S is a field and « # 0,
we have 3/a € S. Thus

g(x) = (B/a)pr (@)~ pa ()P~ - pp ()

is a polynomial in S[x]. We then have

bz) = PBpi(x)"pa(2)?2 - pp(a)’
= (B/a)(pr(x)" 1 pa(x)P2 72 - pp (@) ) - oy () pa ()2 - pr () ™)
= g(z)a(z).

Hence b(z) = g(z)a(z) and g(z) € S[x], and so a(x) | b(z). O
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As we did for integers, we can also define the least common multiple of two polynomials and
compute the LCM in terms of the factorizations into products of irreducible polynomials.

Definition 3.7.7 Let a(z) and b(x) be non-zero polynomials in S[x]. The least common multi-
ple of a(z) and b(x) is the monic polynomial m(x) in Slx|, denoted m(x) = [a(x),b(x)], satisfying

i. a(z) | m(z) and b(x) | m(x), and
il. ifa(x) | e(x) and b(x) | e¢(x) for a non-zero polynomial c(x) in S[x], then deg m(z) < deg c(x).

Note that any constant multiple of m(z) (including 0) will satisfy conditions (i) and (ii) of the
definition. The LCM is defined to be the monic polynomial satisfying these conditions so that the
LCM will be unique and non-zero.

The next result, analogous to Theorem 2.6.5 for integers, allows us to compute the GCD and
LCM of two polynomials using the factorizations into products of irreducible polynomials.

Theorem 3.7.8 Let a(z) = api(z)®pe(2)?2 - p(x)* and b(z) = Bpi(z)*pa(z)?2 - p,(z)br,
with the p;(x) distinct, monic, irreducible polynomials in S[x], o and B non-zero numbers in S,
and a; = 0, b; > 0 for all i. Then

a. (a(z),b(z)) = p1(z)pe(z)® - - p.(x)%, where d; = min{a;, b;} for all i, and
b. [a(z),b(x)] = p1(x)™ pa(z)™2 - pp(x)™, where m; = max{a;, b;} for alli.

Proof. GCD: Let
d(z) = pi(x)" pa(a)® - pp(2)™,

where d; = min{a;, b;} for each i, so that d(x) € S[z] is monic. We show that d(x) = (a(x),b(z))
by showing that d(z) satisfies parts (i) and (ii) of Theorem 3.3.16 (the “alternate” definition of the
GCD).

(i) Since d; = min{a;,b;}, we have d; < a; and d; < b; for all i. Therefore, it follows from
Theorem 3.7.6 that d(z) | a(x) and d(zx) | b(x), and so (i) holds.

(ii) Let c¢(z) be a polynomial in S[z] satisfying c¢(x) | a(z) and c(z) | b(x). If p(x) is any monic
irreducible factor of ¢(z), then by Theorem 3.3.2 (iv), p(z) must be one of the p;(z). Thus we can
write

c(x) = ypi(x) pa(x)™ -+ pp(2),
where v € S and ¢; > 0 for each i. Since ¢(z) | a(z) and ¢(x) | b(x), Theorem 3.7.6 implies that
¢ < a; and ¢; < b; for all ¢. Hence
C; < min{ai, bl} = di

for each 4, and so ¢(z) | d(z), again by Theorem 3.7.6, and (ii) holds.

LCM: Let
m(x) = p1(z)" pa(z)™ - pr ()™,

where m; = max{a;, b;} for each i, so that m(z) € S[z] is monic. We show that m(x) = [a(x), b(z)]
by showing that m satisfies parts (i) and (ii) of the definition of LCM (Definition 3.7.7).
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(i) Since m; = max{a;, b;}, we have m; > a; and m; > b; for all i. Therefore, it follows from
Theorem 3.7.6 that a(z) | m(z) and b(z) | m(z), and so (i) holds.

(ii) Let c(x) be a non-zero polynomial in S[z] satisfying a(z) | c(x) and b(x) | c¢(z). Each
irreducible factor of a(x) or b(z) will also divide ¢(z), but ¢(z) may have other irreducible factors
as well. Thus we can write

c(x) = pr(x)pa(x)? - - pr(2)” - k()

where each ¢; > 0 and k(z) € S[x] is a polynomial such that p;(z) { k(z) for each i.
Since a(x) | ¢(z) and b(x) | ¢(x), Theorem 3.7.6 implies that a; < ¢; and b; < ¢; for all i. Hence

m; = max{a;,b;} < ¢

for each 7. It follows that

m(z) | p1(x)*pa(2)* - - pr(2),
again by Theorem 3.7.6, and therefore that m(x) | ¢(x), since p1 () pa(z)® - - pr(z)* | ¢(x). Thus
deg m(z) < deg c(z) by Theorem 3.3.5, as ¢(x) # 0, and so (ii) holds. O

Example: Let S = Q and let a(z) = (v —2)?(2°+3)3(x—7)% and b(z) = (z—2)*(2®+3)? (217 —5)2.
(Note that the non-linear factors are irreducible over Q by Eisenstein’s Criterion, Theorem 3.6.7.)
Writing a(z) and b(x) in terms of the same irreducible factors, we have

a(z) = (x —2)* (2 + 3)3 (2" — 5)%x — 7)°
b(z) = (z —2)*(2° + 3)2 (2! — 5)*(z — 7)°
Hence, by the theorem,

Notice also that
(ale), b@)la@),b(@)] = (o= 2@ +3)%) - [(w - 2)'(° + 3" = 5)2(w = 7))
T — 2)2+4(J}5 + 3)2+3(x17 . 5)0+2(x o 7)0+5
T — 2)2+4(x5 + 3)3+2(x17 _ 5)0+2($ i 7)5+0
(z —2)%(2° 4+ 3)% (& = 7)°] - [(& — 2)*(2® + 3)%(z"" = 5)?]

and so (a(x),b(x))[a(x),b(x)] = a(z)b(x). O

We showed that the GCD of two polynomials is divisible by any common divisor. Similarly,
any common multiple of two polynomials is a multiple of the LCM.

Corollary 3.7.9 Let a(z) and b(x) be non-zero polynomials in S[z] and let m(x) = [a(z),b(z)].
If ¢(z) is a polynomial in S[x| satisfying a(zx) | ¢(x) and b(x) | c(x), then m(z) | c(x).

Proof. This is shown in part (ii) for the LCM in the proof of Theorem 3.7.8. O
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The characterization of the GCD and LCM in Theorem 3.7.8 implies a very important relation-
ship between the two polynomials, as suggested in the example above.
Corollary 3.7.10 If a(x) and b(x) are monic polynomials in S[z|, then

(a(z), b(x)) - [a(x), b(2)] = a(z) - b().

Proof. We use the notation of Theorem 3.7.8. For each i, d; = min{a;, b;} and m; = max{a;, b;}.
Hence d; is one of a; or b; and m; is the other. In any case, we have a; + b; = d; + m;. Therefore,

(a(2),b(2)) - [a(x),b(x)] = (p1(x)"p2(x)® - pp(@) ") (p1 (@)™ pa(2)™ - pr(2)™)
= pi(@) T My ()BT ()
= @) P pala) @)
= (p1(2)"p2(2)™ - pr(2)™) (pr(2) " p2 ()" - pr(2)")
= a(z)-b(z),
and so (a(x),b(x)) - [a(z),b(x)] = a(x) - b(x). O

The only reason a(z) and b(z) must be monic in the corollary is that by definition the left
side of the equation is monic. More generally, if a(x) and b(x) are any non-zero polynomials, with
leading coefficients o and 3, respectively, then we have
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§3.7 Exercises

1. Let f(z) = 5(x — 8)"(z% + 6)°(2® — 7)* € Q[x]. Determine whether each of the following
polynomials divides f(x). Explain your answers.

(a) a(x) = (v — 8)%(z% +6)5 (23 — 7)*
(b) b(z) = 5(x — 8)(z% + 6)%(2® — 7)°
(c) c(z) = 3(x — 8)%(z? + 6)?

(@) d(x) = (2 - 632 + 8)*(a® — 7

2. Find a formula for the number of monic divisors of a polynomial a(z) in S[x] whose canonical
factorization is a(x) = a - p1 ()" p2(x)?2 - - - py(z)? . Justify your answer.

3. Find the greatest common divisor and least common multiple of each of the following pairs
of polynomials a(x), b(x) in Q[z].

For Exercises 4-6, use the Euclidean Algorithm to find the greatest common divisor and the least
common multiple of the polynomials a(x) and b(x).

4. a(x) =2% -1
b(z) = 22" — 42° + 2
5. a(zr) =x+3
b(z) =23 -2z +4
6.



Appendix A

Trigonometry Review

The following information is needed for working with the polar form of complex numbers in §1.2.
Definitions:

e mradians = 180°

e Sine, cosine, and tangent of an acute angle 0 in terms of ratios of sides of a right
triangle:
o adj o
sin@zg, cos@z—J, tan@z@.
yp hyp ad]

e Sine, cosine, and tangent of an angle 6 with initial side on the positive z-axis and
the point (x,y) on its terminal side, with r = /22 + y%:

sin@zy, COSHZE, tan = 2.
r r x

Basic Identities:

sin 0
e tanf =

cosf
e sin?0 +cos?f =1
e sin(—#) = —siné
cos(—0) = cos

e sin(f 4 27) = sinf
cos(0 + 2m) = cos b

Angle Sum Formulas:

e sin(z +y) =sinzcosy + cosxsiny

e cos(x 4+ y) = cosxcosy — sinzsiny

139
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Values: Sine, cosine, and tangent at all special angles; i.e., at all multiples of:

T

643 2"

These can be memorized or calculated as needed using the right triangles below:

ISR
ol

ENE

[ 3
1 1

Any answers involving these values should be given as exact values. For example,

Sinz—ﬂ—ﬁ
3) 27

and not 0.8660254038.



Appendix B

Answers to Selected Problems

§1.1

0.0495
0.427
0.1259
0.3571428

1. (a)
(b)
()
(d)

2. (a) 13/33
(b) 4298/999
(c) 1141553 /19980
(d)

§1.2

1. Re(z) Im(z)

102092327/999900

z |

(a) 3 5
(

V34
V53
V17
5 5

3—5¢
T+ 2
—4—1

§1.2, continued.

141

4.

3 4
) 25~ 35"
7 2
b) — + =
(b) 53 * o3
2 3.
SSFRNEL
1
(d) ==
23 2
(a) B 13
23 2
b) 22 _ 2
(b) 41 41
(c) =2+
|z| argz Polar Form
(a) V2 T V/2(cosTF +isinr)
(b) 2 T 2(cosTF +isinTT)
() 6 5 6(cos3F +isin2T)
(d) 2 3T 2(cos 3T +isin )
(e) 5 5 5(cos § +isin §)
(f) 7 0 7(cosm +isinm)
2= M(cos(0h — 02) + isin(6r — 02))
L = L(cos(—0) +isin(—0))

SI= 3=

(cos(f) —isin(0))
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§1.2,

9.

10.

§1.3

10.

§2.2

APPENDIX B. ANSWERS TO SELECTED PROBLEMS

continued.
le| Arg Polar

(a) 8 BT 8(cos LT +isinT)
(b) 16 3 16 (cos 3T + i sin 3T)
(c) 16 LT 16 (cos 1172” + i sin 1F)
(d) 32 2 32 (cos 2F + isin %)
(e) 3 =32 L(cos(—3%)+isin(—22))
() 3 —Z  L(cos(—%)+isin(-%))
(a) 32

(b) % + 73 1

() =3 =%

(d) 1

(a) Commutative Law of Addition

(b) Distributive Law

(c¢) Associative Law of Multiplication
(d) Associative Law of Addition & Dis-

tributive Law

(e) Commutative Law of Multiplication §2.4

& Associative Law of Multiplication

27 satisfies all except (ix) and (x).
27 is a ring but not a ring with 1.

Z[i] is not a field.

Both F and C satisfy all except (x).

Ifa=12,b =4, c =6, then a = 12 divides
bc = 24, but 1214 and 121 6.

Both a = 6 and b = 10 divide ¢ = 30, but
ab=6-10 = 60 and 60 1 30.

Ifa=2,b=5,c=7, then a = 2 divides
b+c=12,but 245 and 247.

§2.3

10.

1.

(a) q =135, r = 27, 4752 = 135(35) + 27.

(b) q =232, r =0, 9976 = 232(43) + 0 or
9976 = 232(43).

.39
. 6

(a) ¢ =410, r = 3827,
2351487 = 410(5726) + 3827.
(b) ¢ = 11288, r = 427,
84637851 = 11288(7498) + 427.
1
(272,119) = 17
17 = 272(—-3) + 119(7)
(495, 210) = 15
15 = 495(3) 4+ 210(—7)
(264,189) =

3 = 264(—5) + 189(7)

(510,414) = 6
6 = 510(13) + 414(—16)

(a) 56(— —16
(b

(¢) 42 cannot be expressed in this form.

) +72(6) =

—28 cannot be expressed in this form.

(d) 56(32) 4+ 72(—24) = 64

(e) 70 cannot be expressed in this form.
(f —88

(a) could

(b) could not

(¢) could not

)
)
)
)
)
) 56(—44) + 72(33) =
)
)
)
)

(d) could



4. The primes less than 100 are:
2 3 5 71
13 17 19 23 29
31 37 41 43 47
53 59 61 67 T1
73 79 83 89 97

5. (a) 2-132
(b) 7-13-17
(c) 22-3%. 5%

§2.6

1. (a) a does not divide n.
(b) b divides n.

(¢) ¢ does not divide n.

2. The positive divisors of 600 = 23-3-52 are:

1=2.30.50 2=2!
5=20.30.51 10 =2%.
25 =20.30.52 50 = 21
4=22.30.50 8 =23.
20 =22.3%.51 40 = 23.
100 =22.30.52  200=23.
3=20.31.50 6=2!.
15=20.31.5! 30 =2
75=20.31.52 150 =2!.
12=22.3L.50 24 = 23.
60=22.31.51  120=23.
300 =22-31.52  600=23.

.30.
3v.
.30.

30.
3v.

50
51
52

§2.6,

3.

§2.7

11.
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continued.

a) 72

7
b) 3

[an}

(a)
(b)
(a) 12
(b)
(a)

b) 40

a) (a,b)=2°-73
a,b]=27.3%.5%.74.1117. 138
[a, b]

a,b] =23-3%.56.77.11-17

. 327509
. (963,657) =9

963, 657) = 70299

(510,414) = 6
510, 414] = 35190

—
o
w

— —

> ~ a o

— e e N N

ST Y
~

=
-~

1, b=—1,n =3, then (—1)? = 1;
—1)2(mod 3) but 1 # —1(mod 3).
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§2.8

10.

11.

12.

13.

APPENDIX B. ANSWERS TO SELECTED PROBLEMS

(a) 2
(b) 3
(c) 2
(a
(b

(¢

S O = =

(
(

o,

(a
(b

N g D

(c
(a
(b

(¢

S O = =

(
(

o,

b) 4] 12354456724
c) 4352148763376

(

(a) 3| 21437856252, 9 | 21437856252
(b) 3454637281274, 9 § 54637281274
c) 3| 42315768543, 9 f 42315768543

(

(a) 6] 47835624312
(b) 6165348127214
c) 6127135248145

(
(a) 11141783526413
(b) 11| 615837429152

c) 111 724356712859

(
(a) 7198239072918, 13 198239072918
(b) 7199885455861, 13 | 199885455861

)
)
)
)
)
)
)
)
)
)
)
)
)
)
(a) 41478563289358
(b)
)
)
)
)
)
)
)
)
)
)
)
)
(c) 7+182443992562, 13 | 182443992562

§3.1

1.

Deg. Coeft.

a) 3 5
by 5 -9
c) 0 6
d) —oo none
)

e 473 1

o~~~ —~

2. Coefficients of a(x), b(z):

bp =8
by =6
by =3
bs =0
by =0
bs =0

a0:7,
ai :4,
CL2:5,
a3:2,
aq =0,
a5:0,

Coefficients of a(z)b(z):

CcCo = 56
cp = T4
(6] 85
C3 58
cy = 27
Cy, = 6

Product a(z)b(z):

6x° + 27x* + 5823 + 8512 + T4x + 56

(a) p(z)+q(x) = 2°+22* —323+622—2x—4

p(x) —q(z) =
—2o 4+ 8z — 323 — 222+ 150 —4

(b) 225 — 723 — 15z

(c) 42 + 5t + 1423 — 142% + 20 + 5

(d) 2 + 622 +9



§3.2

) 35
) 15
(c) 28
) 28
) 126

2. (a) (%g) — 4845
(b) (195) — 5005
(c) (178) — 31824

3. (a) 162* 4+ 9623 + 21622 + 2162 + 81

(b) 322° + 2402 + 72023+
108022 + 810x + 243

(c) 6425 + 5762° + 21602 + 432023+
486022 + 29162 + 729

§3.3
5. (a) q(z) = 422 + 22
r(x)=-Te+1
b(z) = (422 + 22) - a(z) + (=Tz + 1)
(b) gq(x) = 32>+ o+ 2
r(x) =-1
b(z) = (322 + 32+ 2) -a(z) + (-1)
6. (a(x),b(z)) =2—1
x—1 z)(2® — 23 — z) + b(z)(—3)

145

. q(z) =322+ 22 +2

r(z) =11
213 -4 -2 7
6 4 4
3 2 2 11

. q(z) = 2* — 5a® + 1022 — 272 + 85

r(z) = —254

-3]1 -2 -5 3 4 1
—3 15 —30 81 —255
1 -5 10 —27 8 —254

. q(z) = 223 + 42?2 + 4

r(x) =-1
3123 -2 4 -3
1 20 2
2 4 0 4 -1
. q(z) = 322 — 5z + (14/3)
r(z) =—-T7/9
-3[3 -4 3 —7
-1 5/3 —14/9

3 —5 14/3 —77/9

. q(x) = 32% + 9z + 23

r(x) = 64

313 0 -4 =5
9 27 69
39 23 64

. q(z) = 22* + 2203 — 222 — 22

r(z) =3
1]20—4 0 2 3
2 2 -2 =20
2 2 -2 -2 0 3

cq(r) = 28 — 22° + 42t — 423 + 322 — 22 + 4

r(z) =0
-1/1 -1 2 0 -1 12 4
-1 2 -4 4 -3 2 4
1 24 -4 3 24 0
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§3.5
1.

APPENDIX B. ANSWERS TO SELECTED PROBLEMS

(a) g(x) =322 +3x+6
r(z) =31
503 -12 -9 1
15 15 30
3 3 6 31
(b) q(x) =2* =323 +22x -5
r(x) =4
-3/1 0 -9 2 1 -11
-3 9 0 -6 15
1 -3 0 2 =5 4

(a) p(—1) =2, x + 1 is not a factor.
-1/1 -1 1 5

-1 2 -3
1 -2 3 2

(b) p(3) =0, z — 3 is a factor.

31 3 -16 —27 63
3 18 6 —63
16 2 -21 0

(a) (22— 9)(3z +8)
03[ - (24 e ()

0 2fe- (347 - (379

(a) 1, £2, +3, +6, +9, +18

(b) +1, +2, +5, +10, +£1/3, +2/3, +5/3,
+10/3

(c) £1, £2, +3, +6, +1/2, £3/2, +1/4,
+3/4

=

ot [}

83.6

1.

2.

3.

83.7

1.

P4+l B3+ +1 2322 +1

2241, 224+ +2, 22+ 2+ 2,
2+ 2x+1, 23+ 222 + 1,
3?42 +1, 234+ 222 o+ 1,
23+ 2042, 2% + 22 + 2,
24+l +2 23+ 222+ 22 +2

22 + 12z + 36 with m = 12 is one example.

. Ea(:v),b(m)) =z—1
)

20 4+ 325 + 2% — 1523 — 2322 + 32 + 30



[(a(a:),b(x))], 90 Im(z), 7
[(a,b)], 28 N, 1

[a(x), b(x)], 135 nl, 39

[a, b], 64 @, 25

[a), 27 P(n), 37
(a(m)’b(x))v 101 m, 5

(a,b), 46 Q, 1

0,29 Q[z], 124

1, 30 0. 28

—a, 18 Q, 28

ANB, 25 R, 1

AUB, 25 Rlz], 91

AC B, 25 R27 11

A x B, 26 Il7 90

AC B, 25 R, 90

%’ 90 Re(z), 7

a(x) | b(x), 98 S(z), 90
a+bi, 7 Sla], 84

aRb, 26 W, 18

a = b(mod n), 68 2Z, 24

a~ b, 26 Z(x), 87

a"t, 18 7,1

a | b7 41 Z[ZIT], 92

afb, 41 Zs[x], 131

arg z, 12 Zs[x], 131

C, 1 L, T2

C(z), 129 Z, 30

C, 32 Z,30

i 40 Z 8

dx’

deg p(x), 85 |z|, 10

€, 25 V=1,7

¢, 25 Ve, T

e, D

e?, 15 absolute value
F,, 35 complex number, 10
I(x), 87 real number, 10
i, 7 abstraction, 21

147
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addition, 1, 2 Cartesian product, 26

associative law, 18, 30, 32, 33, 87, 91 circular reasoning, see reasoning, circular

closure, 18, 29, 31, 32, 87, 91 clock arithmetic, 72

commutative law, 18, 30, 32, 33, 87, 91 closure

identity for, 2, 7, 18, 20, 21, 29, 31, 32, 87 addition, 18, 29, 31, 32, 87, 91
uniqueness of, 21 multiplication, 18, 29, 31, 32, 87, 91

in C, 32 coefficients

in Q, 29, 30, 33 binomial, 92, 93, 95, 96

in R, 90 definition, 92

in Z, 31, 32, 34 complex, 128

in Zn, 72, 73 integer, 115-117, 120, 122, 124

in S(z), 90 leading, 84, 85, 91, 92, 101, 102, 109, 114,

inverse for, 2, 7, 18, 20, 21, 29, 31, 32, 87
uniqueness of, 21

119, 120, 133, 137
of polynomials, 84-86, 92, 96, 98, 109, 110,

modular, 72
of complex numbers, 7, 15
of functions, 24
of polynomials, 85
of rational numbers, 2
of real numbers, 20
additive identity, see identity
additive inverse, see inverse
algebraic properties, 18, 87
of addition, 18, 87
of congruence, 69-72
of multiplication, 18, 87
of number systems, 17-24
of polynomials, 84-92
algebraically closed, 129
angle, 12
angle sum formulas, 13
argument of complex number, 13, 15, 16
definition, 12
associative law, 1
addition, 18, 30, 32, 33, 87, 91
multiplication, 18, 30, 32, 33, 87

base step, see induction

binary operation, 1

binomial coefficient, 92, 93, 95, 96
definition, 92

Binomial Theorem, 95-97

C,1
C, 32
calculus, 24, 129

112, 115, 117, 124
real, 129
zero, 109, 110
Combination Theorem
for integers, 43, 46
for polynomials, 98, 101
common divisor
of integers, 45—47, 52, 65
of polynomials, 136
common multiple
of integers, 64, 65
of polynomials, 136
commutative law, 1
addition, 18, 30, 32, 33, 87, 91
multiplication, 18, 21, 30, 32, 33, 87
complex numbers, 1, 7-16, 28, 32, 33, 129
addition, 7, 15
associative, 23
commutative, 23
geometric interpretation, 11
additive inverse
geometric interpretation, 11, 15
definition, 7
distributive law, 23
division, 9, 16
equality, 7
geometric representation, 10-15, 32
multiplication, 7, 15
geometric interpretation, 11-13, 15
powers, 13
multiplicative inverse, 9, 16
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polar form, 12, 16 of a monomial, 85

reciprocal, 16 of constant, 85

subtraction of product, 88, 89, 125

geometric interpretation, 11 of sum, 89

complex plane, 10, 32 of zero, 85, 88, 101
complex root, see root of a polynomial properties, 88
composite number, 36, 56, 61 derivative, 123

definition, 56 differentiation, 40
congruence, 67-74 digits, 3-5, 75

algebraic properties, 69-72 alternating sum of, 79

and cancellation, 70 hundreds, 75

as equivalence relation, 69 ones, 75
congruence class, 73, 74 tens, 75

definition, 72 discriminant, 115, 129

representative, 73 distributive law, 1, 18, 22, 30, 32, 33, 86, 87
congruence tests, 75-83 left, 18

mod 10", 76 right, 18

mod 11, 79, 82 dividend

mod 13, 81, 82 integer, 45, 48

mod 2", 76, 82 polynomial, 101
mod 3, 78, 82 divides

mod 5", 76 integer, 43

mod 7, 81, 82 definition, 41

mod 9, 78, 82 polynomial, 113, 132

congruent modulo n, 70, 72
definition, 68
conjugate, 9, 15, 129
definition, 8
geometric interpretation, 10
coprime, 52
counting numbers, 1

de Moivre’s Theorem, 13, 39
decimal expansion, 2, 3
non-repeating, 5

definition, 98

divisibility

of integers, 41-43, 62, 74

and prime factorizations, 62—66

and signs, 43, 99

properties, 42, 46, 50, 52, 74, 98

of polynomials, 98-108

and constant multiples, 99, 125
and irreducible factorization, 134

properties, 98, 102, 107, 108

divisibility tests, 75-83

non-terminating, 3 for 10, 77
of irrational numbers, 5 for 10™, 77
of rational numbers, 36 for 11, 80, 83
repeating, 3—6 for 12, 79
terminating, 3-6 for 13, 81, 83
deductive reasoning, 35 for 14, 83
degree, 85, 91, 92, 100, 109, 110, 112, 114, 115, for 15, 83
120 for 18, 83
definition, 85 for 2, 77
odd, 129

for 20, 83
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for 2™, 77, 83
for 3, 78, 83
for 4, 77
for 5, 77
for 5™, 77
for 6, 79, 83
for 7, 81, 83
for 8, 77
for 9, 78, 83
divisible
integer, 41, 52
polynomial, 98, 136
division, 1, 2, 7, 21, 70
of complex numbers, 9, 16
of fractions, 21
of integers, 3
long, 3, 6, 44, 45, 49
of polynomials, 100
long, 100, 102, 108, 109
of rational numbers, 21
synthetic, 109-111, 113, 122
Division Algorithm
for integers, 3, 45-47, 49, 67, 69, 100
for polynomials, 101, 112
divisor
common, see common divisor
greatest common, see greatest common di-
visor
integer, 41, 43, 45, 46, 48, 50, 56, 62, 66,
119, 120
number of, 63, 66
polynomial, 98, 101, 109, 110, 124
number of, 138
prime, 61

e, b
Eisenstein’s Criterion, 127, 128
element, 25, 26
empty set, 25, 27
definition, 25
equality, 26
of complex numbers, 7
of fractions, 29
of polynomials, 85
of rational numbers, 2

INDEX

of sets, 25
equivalence class, 27-31, 72, 90
definition, 27
equivalence relation, 2628, 30, 33, 69, 72, 90
definition, 26
equivalent, 26, 27
fractions, 28, 30
Eratosthenes, Sieve of, see Sieve of Eratosthenes
Euclid, 58
Fuclid’s Lemma
for integers, 54, 55, 58
for irreducible polynomials, 132
for polynomials, 107, 132
for primes, 58, 72, 132
Euclidean Algorithm
for integers, 46-50, 66
for polynomials, 101, 102, 105, 106, 138
Euler’s Formula, 15
evaluation of polynomials, 112, 113, 119, 122
exponential function, 15

factor
integer, 41
polynomial, 98, 113, 114, 120, 122-124, 133
linear, 114, 129, 130
quadratic, 130
Factor Theorem, 113, 118, 125
factorial, 39, 93
factorization
canonical, 134, 138
irreducible, 133
and divisibility, 134
Fermat, 35
Fermat numbers, 35, 36
field, 20, 23, 24, 28, 30, 32, 33, 72-74, 89, 90, 98,
124, 125, 129
definition, 20
finite, 74
of fractions, 28
fractions, 2, 4, 6, 19, 28, 29
division, 21
equality, 29
equivalent, 28, 30
lowest terms, 6, 59
functions, 20, 24, 112
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continuous, 24 inductive hypothesis, 37
Fundamental Theorem inductive reasoning, 35, 36

of Algebra, 128, 129 infinite series, 15

Real Number Version, 130 infinite sum, 3
of Arithmetic, 59 integers, 1, 2, 5, 18, 19, 23, 28, 30, 32, 35-37, 41,
45, 73, 74, 85, 87, 89, 124

Gauss, 128 divisibility, 41-43
Gauss’s Lemma, 117, 120, 124 properties, 42
Gaussian integers, 24 even, 24, 36
GCD, see greatest common divisor mod n, 72
Goldbach Conjecture, 36

integral domain, 28
graph, 113, 120 intercepts, 113, 114, 120

greates.t common divisor, 46 Intermediate Value Theorem, 129
of integers, 44-50, 59, 62, 64 intersection, 25

alternate characterization, 52

inverse
and prime factorizations, 64, 66 additive. 2. 7. 18. 20-22. 29. 31. 32. 87
and signs, 50 definition, 18
as combination, 51, 55 uniqueness of, 21
definition, 45 multiplicative, 2, 7, 9, 18, 19, 21, 22, 30-34,
properties, 50-55 70, 73, 74, 124
relation to LCM, 65, 66 definition, 18
uniqueness of, 46 modulo n, 70, 71

of polynomials, 101, 102, 106, 108, 138 uniqueness of, 22
alternate characterization, 106 inverse operation, 1
and irreducible factorization, 135 irrational numbers, 5, 28, 59, 128
as combination, 103, 104, 106, 108
definition, 101
properties, 106, 108
relation to LCM, 137
uniqueness of, 101, 106

decimal expansion, 5
rational approximations, 5
irrational root, see root of a polynomial
irreducible element, 124
Irreducible Factor Principle, 132
i T isomorphic, 30, 32, 33, 72, 90
identity' ) laws of exponents, 15, 86
addltlv‘e,. 2,7, 18,20, 21, 29, 31, 32, 87 LCM, see least common multiple
defmltlon, 18 least common multiple
uniqueness of, 21 of integers, 62, 64, 117
multiplicative, 2, 7, 18, 21, 22, 30, 31, 33, 87 and prime factorizations, 64, 66
definition, 18 definition, 64
) | uhiqueness of, 22 relation to GCD, 65, 66
%mag%nary axis, 10 of polynomials, 138
imaginary Part, 15 and irreducible factorization, 135
definition, 7 definition, 135
induction, 13, 43, 47, 74, 93 relation to GCD, 137
base step, 37 uniqueness of, 135

in(%ucfcive step, 37 . least residue, see residue
Principle of Mathematical, 35—40
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linear algebra, 11

matrices, 20
modular arithmetic, 72
modulus
of complex number, 12, 13, 15, 16
definition, 10
of congruence, 68, 72
monomial, 84
multiple
common, see common multiple
integer, 41, 51
least common, see least common multiple
polynomial, 98, 104
constant, 99, 106
multiplication, 1, 2
associative law, 18, 30, 32, 33, 87
closure, 18, 29, 31, 32, 87, 91
commutative law, 18, 21, 30, 32, 33, 87
identity for, 2, 7, 18, 21, 22, 30, 31, 33, 87
uniqueness of, 22

in C, 32

in Q, 29, 30, 33

in R, 90

in Z, 31, 32, 34

in Znp, 72, 73

in S(x), 90

inverse for, 2, 7, 9, 18, 19, 21, 22. 30-34, 70,
73, 74, 124

uniqueness of, 22

modular, 72

of complex numbers, 7, 15

of functions, 24

of polynomials, 85, 89, 91, 92

of rational numbers, 2

of real numbers, 20
multiplicative identity, see identity
multiplicative inverse, see inverse
multiplicity, 114

N, 1

n choose 7, 92

natural numbers, 1, 2, 18, 23, 28, 30-32, 35-37,
40

negative numbers, 1, 2, 6, 18, 20, 28, 30, 34

number line, 10

INDEX

Number Theory, 35

numbers
complex, see complex numbers
integer, see integers
irrational, see irrational numbers
natural, see natural numbers
prime, see prime numbers
rational, see rational numbers
real, see real numbers

or, 26
ordered pair, 26, 28, 30, 32
origin, 10

partition, 26, 27
Pascal’s Rule, 93
Pascal’s Triangle, 93
Peano axioms, 28
perfect square, 59, 61, 67, 74, 115
period, 4, 6
m, 5
polar coordinates, 12
polar form, see complex numbers
polynomials, 20, 28, 70, 84, 90, 112, 113
addition, 85, 112
associative law, 87, 91
closure, 87, 112
commutative law, 87, 91
identity for, 87
inverse for, 87, 88
algebraic properties, 84-92
constant, 85, 88, 89, 98-100, 110, 112, 124
cubic, 85
roots of, 115
definition, 84
distributive law, 87
equality, 85
fifth degree
roots of, 115
irreducible, 124-138
definition, 124
over C, 129
over Q, 124-128, 131
over R, 124, 129, 130
over Z, 124
over Zo, 131
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over Zs, 131 Q,1
linear, 85 Q, 28
monic, 84, 101, 102, 106, 108-110, 119, 133, O, 28

135, 137, 138 Quadratic Formula, 115, 116, 122, 126

multiplication, 85, 89, 91, 92, 112 quotient

associative law, 87 of complex numbers, 9, 16

closure, 87, 91, 92, 112 of integers, 2, 3, 5, 19, 44-46, 49

commutative law, 87 of polynomials, 90, 101, 108-110, 122

identity for, 87

inverse for, 88, 89 R, 1
non-constant, 89, 117, 124 R, 90
non-zero, 89, 91, 100 R, 90
quadratic, 85, 115-117, 129 radicals, 115
factors of, 116, 117 rational expression, 90
roots of, 115-117 rational functions, 90
quartic field of, 90, 129
roots of, 115 rational numbers, 1-6, 19, 21, 28-30, 36, 41, 45,
reducible, 124, 125 59, 72, 89, 117
definition, 124 addition, 2
with integer coefficients, 116-122, 126, 127 commutative, 23
factors of, 116 well-defined, 6
roots of, 116 decimal expansion, 3—6
with rational coefficients, 117 definition, 2
roots of, 117 distributive law, 23
zero, 85, 88 division, 21

equality, 2
multiplication, 2
associative, 23

prime, see prime numbers
Prime Divisor Principle, 57, 132
prime factorization, 36

and divisibility, 62-66 well-defined, 6

and greatest common divisor, 64, 66 multiplicative inverse, 2

and least common multiple, 64, 66 rational root, see root of a polynomial
canonical, 61-63 Rational Root Test, 118

definition, 60 for monic polynomials, 119

rationalizing, 9

real axis, 10, 12

real numbers, 1, 2, 5, 7, 9, 15, 20, 21, 23, 24, 28,

exponents in, 62, 63
for comparison, 62
uniqueness of, 59, 60

prime numbers, 35, 36, 56-61, 72-74, 124, 127, 32, 36, 40, 114
128, 132 addition, 20
definition, 56 multiplication, 20
even, 56 real part, 15

infinitely many, 58 definition, 7
largest known, 56, 58 real root, see root of a polynomial

websites. 56 reasoning, circular, see circular reasoning
Prime Test, 57, 61 reciprocal, 2, 16, 19, 21
product rule, 40, 123 reflexive, 26
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related, 26
relation, 26-28, 30
definition, 26
relatively prime
integers, 53, 74
definition, 52
polynomials, 106, 123
definition, 106
remainder
integer, 3, 44-49, 67, 68
uniqueness of, 45
polynomial, 101, 105, 108-110, 112, 113, 122
Remainder Theorem, 112, 113, 122
residue
complete set, 72
least (non-negative), 74, 75, 82
definition, 69
ring, 20-24, 28, 32, 72, 74, 98, 112, 124
commutative, 20, 24, 32, 72, 73, 84, 88
definition, 20
definition, 20
non-commutative, 21
with identity, 20, 22, 24, 32, 72, 73, 88
definition, 20
root
of a number, 129
of a polynomial, 113-116, 123, 125, 129
complex, 115, 116, 122, 128, 129
definition, 112
distinct, 115
integer, 119
irrational, 116, 120
multiplicity, 114, 115
potential rational, 119, 120, 122
rational, 115-120, 122, 126, 131
real, 115, 129
repeated, 114, 123
of a prime, 128
square
of a prime, 59, 128
of an integer, 59

set, 2527, 29, 31, 36, 40, 72
containment, 25
proper, 25

INDEX

definition, 25
disjoint, 26
empty, 25, 27
equality, 25
non-empty, 36
Sieve of Eratosthenes, 57, 61
square, 115
subset, 25, 26, 28, 30, 40, 85
definition, 25
disjoint, 27
proper, 25
subtraction, 1, 2, 20
symmetric, 26
synthetic division, 109-111, 113, 122

terms, 84, 92, 110
constant, 84, 92, 110, 119, 120
leading, 84, 85

transitive, 26

trigonometry, 12

union, 25, 27

disjoint, 26, 27
Unique Factorization Theorem, 133
unit circle, 12, 13

variable, 84
vector addition, 11
vector space, 11

well-defined, 6, 29, 31, 33, 34, 73
Well-ordering Principle, 36, 57, 132

7, 1

Z, 30

Z, 30

zero of a polynomial, 109, 110
definition, 112






