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Reference sheet for notation

the element r +nZ of Z,

the group (or ideal) generated by g

the alternating group on three elements

for G a group, A is a normal subgroup of G

for R aring, A is an ideal of R

the complex numbers {a + bi : a,b € C and i = y/—1}
commutator subgroup of a group G

for x and y in a group G, the commutator of x and y

the group of conjugations of H by a

the automorphism of conjugation by g

the symmetries of a triangle

d divides n

the degree of the polynomial f

the dihedral group of symmetries of a regular polygon with 7 sides
the set of all diagonal matrices whose values along the diagonal is constant
the set of integer multiples of d

for f a homomorphism and G a group (or ring), the image of G
an arbitrary field

the set of fractions of a commutative ring R

the set of left cosets of A

the set of right cosets of A

the left coset of A with g

G is isomorphic to H

the general linear group of invertible matrices

the ordered n-tuples of Gy, G,, ..., G,

the ordered pairs of elements of G and H

for G a group and g,z € G, the conjugation of g by z, or zgz~
for G a group, H is a subgroup of G

the kernel of the homomorphism f

the least common multiple of the monomials ¢ and #
the leading monomial of the polynomial p

the leading variable of a linear polynomial p

the set of monomials in one variable

the set of monomials in 7 variables

the positive integers

the normalizer of a subgroup H of G

the natural or counting numbers {0,1,2,3...}

the order of x

the point at infinity on an elliptic curve

the group of quaternions

the rational numbers {7 : a,b € Z and b # 0}

1



R/A

(7157950 es 7))

Rmxm

R{x]
R[xy, %5, ..5%,,]
R(x1,%5,...,X,]
SWp @

SxT
tts(p)

Z(G)
ZInZ

2 [/

for R a ring and A an ideal subring of R, R/A is the quotient ring of R with
respect to A

the ideal generated by 7y, 7,,...,7,,

the real numbers, those that measure any length along a line

m X m matrices with real coefficients

polynomials in one variable with real coefficients

polynomials in 7 variables with real coefficients

the ring of polynomials whose coefficients are in the ground ring R
the sign function of a cycle or permutation

the group of all permutations of a list of 7 elements

the Cartesian product of the sets S and T

the trailing terms of p

centralizer of a group G

the set of elements of Z, that are not zero divisors

quotient group (resp. ring) of Z modulo the subgroup (resp. ideal) nZ
the integers {...,—1,0,1,2,...}

the ring of integers, adjoin v/—5

the quotient group Z/nZ
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Preface

This is not a textbook.

Okay, you ask, what is it, then?

These are notes I use when teaching class.

But it looks like a textbook.

Fine. So sue me. — no, wait. Let me try to explain. A two-semester sequence on
modern algebra ought to introduce students to the fundamental aspects of groups and rings.
That’s already a bite more than most can chew, and I have difficulty covering even the stuff I
think is necessary. Unfortunately, most every algebra text I've encountered expend far too much
effort in the first 50-100 pages with material that is not algebra. The usual culprit is number
theory, but it is by no means the sole offender. Who has that kind of time?

Then there’s the whole argument about whether to start with groups, rings, semigroups,
or monoids. Desiring a mix of simplicity and utility, I decided to write out some notes that
would get me into groups as soon as possible. Voila.

You still haven’t explained why it looks like a textbook.

That’s because I wanted to organize, edit, rearrange, modify, and extend my notes easily.
I also wanted them in digital form, so that (a) I could read them,? and (b) I'd be less likely to lose
them. I used a software program called Lyx, which builds on IATEX; see the Acknowledgments.

What if I'd prefer an actual textbook?

See the syllabus.

Overview

These notes have two major parts: in one, we focus on an algebraic structure called a
group; in the other, we focus on a special kind of group, a ring. In the first semester, therefore,
we want to cover Chapters 2-5. Since a rigorous approach requires some sort of introduction, we
review some basics of the integers and the natural numbers - but only to solidify the foundation
of what students have already learned; we do not delve into number theory proper.

Some of these ideas fit well with monomials, which I study “on occasion”. In algebra, a
boring discussion of integers and monomials naturally turns into a fascinating story of the basics
of monoids, which actually makes for a gentle introduction to groups. I yielded to temptation
and threw that in. That should makes life easier later on, anyway; a brief glance at monoids, fo-
cusing on commutative monoids without requiring commutativity, allows us to introduce prized
ideas that will be developed in much more depth with groups, only in a context with which stu-
dents are far more familiar. Repetitio mater studiorum, and all that.> We restrict ourselves to the
easier notions, since the point is to get to groups, and quickly.

Ideally, we’d also cover Chapter 6, but one of the inexorable laws of life is that the older
one gets, the faster time passes. Tempus fugit, and all that.* The corollary for a professor is that

2You think you have problems reading my handwriting? I have to /ive with it!

3University students would do well to remember another Latin proverb, Vinum memoriemors. 1 won’t provide
a translation here; look it up, you chumps! Once upon a time, a proper education included familiarity with the
wisdom of our ancestors; these days, you can get away with Googling it. Oddly, recent studies suggest that the
Latin phrase should be updated: Google memorizemors.

*Latin is not a prerequisite of this course, but it should be. Google it!



a semester grows shorter with each passing year, which implies that we cover less every year. I
have no idea why.

In the second semester, we definitely cover Chapters 6 through 8, along with at least one
of Chapter 9 or 10. Chapter 11 is not a part of either course, but I included it for students
(graduate or undergraduate) who want to pursue a research project, and need an introduction
that builds on what came before. As of this writing, some of those chapters still need major
debugging, so don’t take anything you read there too seriously.

Not much of the material can be omitted. Within each chapter, many examples are used
and reused; this applies to exercises, as well. Textbooks often avoid this, in order to give instruc-
tors more flexibility; I don’t care about other instructors’ points of view, so I don’t mind putting
into the exercises problems that I return to later in the notes. We try to concentrate on a few
important examples, re-examining them in the light of each new topic. One consequence is that
rings cannot be taught independently from groups using these notes.

To give you a heads-up, the following material will probably be omitted.

e I really like the idea of placing elliptic curves (Section 2.4) early in the class. Previous edi-
tions of these notes had them in the section immediately after the introduction of groups!
It gives students an immediate insight into how powerful abstraction can be. Unfortu-
nately, I haven’t yet been able to get going fast enough to get them done.

e Groups of automorphisms (Section 4.4) are generally considered optional.

e I have not in the past taught solvable groups (Section 3.6), but hope to do so eventually.

e | have sometimes not made it past alternating groups (Section 5.5). Considering that I used
to be able to make it to the RSA algorithm (Section 6.5), that does not mean we won’t get
there, especially since I've simplified the beginning. That was before I added the stuff on
monoids, though. ..

e The discussion of the 15-puzzle is simplified from other places I've found it, nonstandard,
and definitely optional.
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Three interesting problems

We’d like to motivate this study of algebra with three problems that we hope you will
find interesting. Although we eventually solve them in this text, it might surprise you that in
this class, we’re interested not in the solutions, but in why the solutions work. 1 could in fact tell
you how to to solve them right here, and we’d be done soon enough; on to vacation! But then
you wouldn’t have learned what makes this course so beautiful and important. It would be like
walking through a museum with me as your tour guide. I can summarize the purpose of each
displayed article, but you can’t learn enough in a few moments to appreciate it in the same way
as someone with a foundational background in that field. The purpose of this course is to give
you at least a foundational background in algebra.

Still, let’s take a preliminary stroll through the museum, and consider three exhibits.

A card trick.

Take twelve cards. Ask a friend to choose one, to look at it without showing it to you,
then to shuffle them thoroughly. Arrange the cards on a table face up, in rows of three. Ask
your friend what column the card is in; call that number a.

Now collect the cards, making sure they remain in the same order as they were when
you dealt them. Arrange them on a a table face up again, in rows of four. It is essential that you
maintain the same order; the first card you placed on the table in rows of three must be the first
card you place on the table in rows of four; likewise the last card must remain last. The only
difference is where it lies on the table. Ask your friend again what column the card is in; call
that number £.

In your head, compute x = 4a —3 3. If x does not lie between 1 and 12 inclusive, add or
subtract 12 until it 1s. Starting with the first card, and following the order in which you laid the
cards on the table, count to the xth card. This will be the card your friend chose.

Mastering this trick takes only a little practice. Understanding it requires quite a lot of
background! We get to it in Chapter 6.

Internet commerce.

Let’s go shopping!!! This being the modern age of excessive convenience, let’s go shopping
online!ll Before the online compnay sends you your product, however, they’ll want payment.
This requires you to submit some sensitive information, namely, your credit card number. Once
you submit that number, it will bounce happily around a few computers on its way to the com-
pany’s server. Some of those computers might be in foreign countries. (It’s quite possible. Don’t
ask.) Any one of those machines could have a snooper. How can you communicate the informa-
tion in securelys

The solution is public-key cryprography. The bank’s computer tells your computer how to
send it a message. It supplies a special number used to encrypt the message, called an encryption
key. Since the bank broadcasts this in the clear over the internet, anyone in the world can see it.
What’s more, anyone in the world can look up the method used to decrypt the message.



You might wonder, How on earth is this secure?!? Public-key cryptography works because
there’s the decryption key remains with the company, hopefully secret. Secret? Whew! ...or so
you think. A snooper could reverse-engineer this key using a “simple” mathematical procedure
that you learned in grade school: factoring an integer into primes, like, say, 21 =3-7.

How on earth is this secure?/? Although the procedure is “simple”, the size of the integers
in use now is about 40 digits. Believe it or not, even a 40 digit integer takes even a computer far
too long to factor! So your internet commerce is completely safe. For now.

Factorization.

How can we factor polynomials like p (x) = x® + 7x> + 19x* + 27x> + 26x2 + 20x + 8?
There are a number of ways to do it, but the most efficient ways involve modular arithmetic. We
discuss the theory of modular arithmetic later in the course, but for now the general principle
will do: pretend that the only numbers we can use are those on a clock that runs from 1to 51. As
with the twelve-hour clock, when we hit the integer 52, we reset to 1; when we hit the integer 53,
we reset to 2; and in general for any number that does not lie between 1 and 51, we divide by 51
and take the remainder. For example,

20-34+8 =68~ 17.

How does this help us factor? When looking for factors of the polynomial p, we can
simplify multiplication by working in this modular arithmetic. This makes it easy for us to
reject many possible factorizations before we start. In addition, the set {1,2,...,51} has many
interesting properties under modular arithmetic that we can exploit further.

Conclusion.

Abstract algebra is a theoretical course: we wonder more about why things are true than
about how we can do things. Algebraists can at times be concerned more with elegance and
beauty than applicability and efficiency. You may be tempted on many occasions to ask yourself
the point of all this abstraction and theory. Who needs this stuff?

Keep the examples above in mind; they show that algebra is not only useful, but nec-
essary. Its applications have been profound and broad. Eventually you will see how algebra
addresses the problems above; for now, you can only start to imagine.

The class “begins” here. Wipe your mind clean: unless it says otherwise here or in the
following pages, everything you’ve learned until now is suspect, and cannot be used to explain
anything. You should adopt the Cartesian philosophy of doubt.’

>Named after the mathematician and philosopher René Descartes, who inaugurated modern philosophy and
claimed to have spent a moment wondering whether he even existed. Cogito, ergo sum and all that.
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Part I
Monoids



Chapter 1:
From integers to monoids

Until now, your study of mathematics focused on several sets:
e numbers, of which you have seen
o the natural numbers N = {0, 1,2,3,...}, with which we can easily associate
* the positive integers Nt = {1,2,3,...};
* the integers Z = {...,—1,0,1,2,...};® and
x the rational numbers Q = {% ca,beZand b # O};7
o the real numbers R;
o the complex numbers C = {a +bi:a,beRandi =+/—1 }, which add a second,
“imaginary”, dimension to the reals;
e polynomials, of which you have seen
o monomials in one variable M = {x* : 4 € N} = {1,x,x2,x3,...};
o monomials in 7 variables M, = {xflxgz ---xZ” 1dyy...,a, € ]N};
o polynomials in one variable R [x];
o polynomials in more than one variable R [x, y], R[x,y,z], R[x{,%;,...,%,];
e square matrices R”*".
Each set is useful for certain problems. Natural numbers are useful for problems related to dis-
crete objects we count: apples, people, planks of flooring.® Real numbers are useful for problems
related to continuous objects that we measure: the amount of water in a cup, the energy in a par-
ticle, the length of the hypotenuse of a right triangle. Monomials and polynomials allow us to
create expressions which describe more than one value simultaneously.
Each set is important, and will be used at some point in this course. In this chapter, we
focus on two fundamental structures of algebra: the integers and the monomials. They share a
number of important parallels that lay a foundation for later study. Before we investigate them

in detail, let’s turn to some general tools of mathematics that you should have seen before now.’

Definition 1.1:  Let S and 7" be two sets. The Cartesian product of S and
T is the set
SxT ={(s,t):seS,teT}.

Example 1.2:  You already know R x R as the set of all ordered pairs whose entries are real
numbers; geometrically, it forms the x-y plane. 4

Definition 1.3: A relation on the sets S and T is any subset of § x 7. An
equivalence relation on § is a subset R of § x § that satisfies the properties
reflexive: foralla €S, (a,a) €R;

symmetric: ~ foralla,b €S, if (a,b) €R then (b,a) € R; and

transitive: foralla,b,c€S,if (a,b) €Rand (b,c) €R then (a,c) €R.

®The integers are denoted by Z from the German word Zihlen.

The Pythagoreans believed that the rational numbers were the only possible numbers.
$Yes, I was working on my house when I wrote that. How did you guess?

%In particular, you should have seen these in MAT 340, Discrete Mathematics.



1. Some facts about the integers 5

Notation 1.4:  We usually write aR b instead of (a,5) € R. For example, in a moment we will
discuss the relation C, and we always write 2 C b instead of “(a,5) €C”.

Example 1.5:  Let § = {1,cat,a} and T = {—2,mouse}. Then
SxT=1{(1,-2),(1,mouse), (cat,—2), (cat,mouse), (a,—2), (a,mouse)}

and the subset
{(1,mouse), (1,-2), (a,—2)}

is a relation on S and 7. A

One of the most fundamental relations is among sets.

Definition 1.6:  Let A and B be sets. We say that A is a subset of B, and write
A C B, if every element of A is also an element of B. If A is a subset of B but not
equal to B, we say that A is a proper subset of B, and write A C B.*

“The notation for subsets has suffered from variety. Some authors use C to indicate a subset;
others use the same to indicate a proper subset. To avoid confusion, we eschew this symbol
altogether.

Notation 1.7:  Notice that bothIN € Z and IN C Z are true.

Another important relation is defined by an operation.

Definition 1.8:  Let S and 7 be sets. An binary operation from S to 7 is a
function f : §x S — T.If S = T, we say that f is a binary operation on §. A
binary operation f on § is closed if f (a,b) is defined for all 2, b € S.

Example 1.9:  Addition of the natural numbers is a map + : IN x N — IN; the sentence,
243 =5 can be thought of as + (2,3) = 5. Hence addition is a binary operation on IN. Addition
is defined for all natural numbers, so it is closed.

Subtraction of natural numbers can be viewed as a map as well: —: IN xIN — Z. How-
ever, while subtraction is a binary operation, it is not closed, since it is not “on IN”: the range
(Z) is not the same as the domain (IN). This is the reason we need the integers: they “close”
subtraction of natural numbers.

Likewise, the rational numbers “close” division for the integers. In advanced calculus you
learn that the real numbers “close” limits for the rationals, and in complex analysis (or advanced
algebra) you learn that complex numbers “close” algebra for the reals. A

1.1: Some facts about the integers

In each set described above, you can perform arithmetic: add, subtract, multiply, and (in
most cases) divide.



6 1. From integers to monoids

Definition 1.10:  We define the following terms and operations.

e Addition of positive integers is defined in the usual way: foralla,b € N,
a + b is the total number of objects obtained from a union between a set
of a objects and a set of b objects, with all the objects distinct. We assert
without proof that such an addition is always defined, and that it satisfies
the following properties:
commutative: a+b =>b+aforalla,b €INT;
associative:  a+(b+c)=(a+b)+cforalla,b,ceINT.

e 0is the number such thata +0=a foralla e N,

e Foranya € N, we define its negative integer, —a, with the property that
a+(—a)=0.

e Addition of positive and/or negative integers is defined in the usual way.
For an example, let 2,5 € N and consider a + (—54):

o If a = b, then substitution implies that a + (=4) = b+ (—b) =0.
o Suppose that A is a set with a objects.

x If I can remove a set with & objects from A, and have at least
one object left over, let c € N such that a = b + ¢; then we
definea+ (—=b) =c.

x If T cannot remove a set with b objects from A, then let ¢ €
IN be the number of objects I would need to add to A so that
I could remove at least & objects. This satisfies the equation
a+c = b;wethen definea + (—b) = —c.

e Multiplication is defined in the usual way: Let 4 €N and b € Z.

00-b=0and b-0=0;
o a- b is the result of adding a list of 4 copies of b;
o (—a)-b=—(a-b).

“We show in Chapter 7 that this property is a consequence of properties already considered!

Notation 1.11:  For convenience, we usually write a — b instead of a + (—4).

Notice that we say nothing about the “ordering” of these numbers; that is, we do not “know” yet
whether 1 comes before 2 or vice versa. A natural ordering is implied by the question of whether
we can “take elements away”; we will see this shortly in Definition 1.12, but this requires some
preliminaries.

It is possible to construct Z and show that it satisfies the properties above using a smaller
number of assumptions, but that is beyond the scope of this course.!® Instead, we will assume
that Z exists with its arithmetic operations as you know them. We will not assume the ordering
relations on Z.

OFor a taste: the number 0 is defined to represent the empty set @; the number 1 is defined to represent the set
{0,{0}}; the number 2 is defined to represent the set {0, {0,{0}}}, and so forth. The arithmetic operations are
subsequently defined in appropriate ways, leading to negative numbers, etc.



1. Some facts about the integers 7

Definition 1.12:  We define the following relations on Z. For any two ele-
ments a4, b € Z, we say that:

e u<bifb—aeN;

e the negation of a < b isa > b—thatis,a>bif b —a ¢ N;

e a<bifb—aeNT;

e the negationofa < bisa> b;thatis,a>bif b—a gINT.

So 3 < 5 because 5—3 € N". Notice how the negations work: the negation of < is not >.

Remark 1.13:  You should not assume certain “natural” properties of these orderings. For
example, it is true that if 2 < b, then either a < b or a = b. But why? You can reason to it from
the definitions given here, so you should do so.

More importantly, you cannot yet assume that if 2 < b, then a4+ ¢ < b +c¢. You can
reason to this property from the definitions, and you will do so in the exercises.

The relations < and C have something in common: just asIN € Z and N € Z are simultaneously
true, both 3 <5 and 3 < 5 are simultaneously true. However, there is one important difference
between the two relations. Given two distinct integers (such as 3 and 5) you have always been
able to order them using <. You cannot always order any two distinct sets using C. For example,
fa,b} and {c,d} cannot be ordered.

This seemingly unremarkable observation leads to an important question: can you always
order any two integers? Relations satisfying this property merit a special status.

Definition 1.14:  Let S be any set. A linear ordering on § is a relation ~
where for any a4, b € S one of the following holds:
a~b,a=b,orb~a.

The subset relation is 7ot a linear ordering, since

fa,b} € {c,d}, {a,b} # {c,d}, and {c,d} € {a, b}.

However, we can show that the orderings of Z are linear.
Theorem 1.15:  The relations <, >, <, and > are linear orderings of Z.

Before giving our proof, we must point out that it relies on some unspoken assumptions: in par-
ticular, the arithmetic on Z that we described before. Try to identify where these assumptions
are used, because when you write your own proofs, you have to ask yourself constantly: Where
am I using unspoken assumptions? In such places, either the assertion must be something ac-
cepted by the audience (me!), or you have to cite a reference your audience accepts, or you have
to prove it explicitly. It’s beyond the scope of this course to explain the holes in this proof, but
you should at least try to find them.

PROOF: We show that < is linear; the rest are proved similarly.

Let a,b € Z. Subtraction is closed for Z, so b —a € Z. By definition, Z = N U {0} U
{—1,-2,...}. By the principle of the excluded middle, 5 —a must be in one of those three subsets
of Z.!!

Tn logic, the principle of the excluded middle claims, “If we know that the statement A or B is true, then if A is false,
B must be true.” There are logicians who do not assume it, including a field of mathematics and computer science
called “fuzzy logic”. This principle is another unspoken assumption of algebra. In general, you do not have to cite
the principle of the excluded middle, but you ought to be aware of it.
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e Ifb—aeINT,thena < b.
e If b—a=0,thena =b.
e Otherwise, b —a € {—1,-2,...}. By the properties of arithmetic, — (b —a) € NT. Again
by the properties of arithmetic,a —b € IN". So b < a.
We have shown that a < b, a = b, or b < a. Since a and b were arbitrary in Z, < is a linear
ordering. O

It should be easy to see that the orderings and their linear property apply to all subsets
of Z, in particular N and IN.!? Likewise, we can generalize these orderings to the sets Q and
R in the way that you are accustomed, and you will do so for Q in the exercises. That said, this
relation behaves differently in IN than it does in Z.

Definition 1.16:  Let S be a set and < a linear ordering on §. We say that <
is a well-ordering if
Every nonempty subset 7" of S has a smallest element 4;
that 1s, there existsa € T such that forall b€ T,a < b ora = b.

Example 1.17:  The relation < is not a well-ordering of Z, because Z itself has no smallest
element under the ordering.

Why not? Proceed by way of contradiction. Assume that Z has a smallest element, and
call it a. Certainly a — 1 € Z also, but

(a—1)—a=—-1¢NT,

soa £ a— 1. Likewise a # a — 1. This contradicts the definition of a smallest element, so Z is
not well-ordered by <. 4

We now assume, without proof, the following principle.
The relations < and < are well-orderings of N.
That is, any subset of IN, ordered by these orderings, has a smallest element. This may sound
obvious, but it is very important, and what is remarkable is that 7o one can prove it.13 Tt is an
assumption about the natural numbers. This is why we state it as a principle (or axiom, if you
prefer). In the future, if we talk about the well-ordering of IN, we mean the well-ordering <.
A consequence of the well-ordering property is the principle of:

Theorem 1.18 (Mathematical Induction):  Let P be a subset of N™. If P sat-
isfies (IB) and (IS) where

(IB) 1eP;
(IS)  forevery i € P, we know that i + 1 is also in P;
then P =INT.

21f you don’t think it’s easy, good. Whenever an author writes that something is “easy”, he’s being a little lazy,
which exposes the possibility of an error. So it might not be so easy after all, because it could be false. Saying that
something is “easy” is a way of weaseling out of a proof and intimidating the reader out of doubting it. So whenever
you read something like, “It should be easy to see that...” stop and ask yourself why it’s true.

B3You might try to prove the well-ordering of IN using induction. But you can’t, because it is equivalent to induction.
Whenever you have one, you get the other.
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PROOF: Let § = NT\P. We will prove the contrapositive, so assume that P # IN". Thus
S # 0. Note that S CINT. By the well-ordering principle, S has a smallest element; call it 7.

e If n=1,then1€S,so01¢P. Thus P does not satisty (IB).

e If n # 1, then n > 1 by the properties of arithmetic. Since 7 is the smallest element of §
and n—1 < n, we deduce that n — 1 & S. Thusn—1€ P. Let i = n—1; then i € P and
i+1=n¢P. Thus P does not satisfy (IS).

We have shown that if P # INT, then P fails to satisfy at least one of (IB) or (IS). This is the

contrapositive of the theorem. O

Induction is an enormously useful tool, and we will make use of it from time to time.
You may have seen induction stated differently, and that’s okay. There are several kinds of
induction which are all equivalent. We use the form given here for convenience.

Before moving to algebra, we need one more property of the integers.

Theorem 1.19 (The Division Theorem for Integers): Let n,d € Z with
d # 0. There exist unique q,r € Z satisfying (D1) and (D2) where

(D1) n=gqd+r;

D2) 0<r<|d|

PROOF: We consider two cases: 0 < d, and d < 0. First we consider 0 > d. We must show two
things: first, that g and 7 exist; second, that r is unique.

Existence of q and r: First we show the existence of ¢ and 7 that satisfy (D1). Let § =
{n—qd: qeZ} and M = SNIN. Exercise 1.29 shows that M is non-empty. By the well-
ordering of IN, M has a smallest element; call it ». By definition of S, there exists ¢ € Z such
that n — gd = r. Properties of arithmetic imply that n = gd + r.

Does r satisfy (D2)? By way of contradiction, assume that it does not; then |d| < r. We
had assumed that 0 < d, so Exercise 1.25 implies that 0 < » —d < r. Rewrite property (D1)
using properties of arithmetic:

n=qd+r
=qgd+d+(r—d)
=(g+1)d+(r—d).

Hence r —d = n— (g +1)d. This form of r —d shows that r —d € §. Recall 0 < r —d; by
definition, r —d €N, so »r —d € M. This contradicts the choice of r as the smallest element of
M.

Hence n =¢gd + r and 0 < r < d; g and 7 satisfy (D1) and (D2).

Uniqueness of q and r: Suppose that there exist ¢/, 7" € Z such that n = ¢’d + r" and
0 <7’ < d. By definition of S, r' = n—q’d € S; by assumption, ' € N, so ' € SNIN = M.
Since r is minimal in M, we know that 0 < r < »/ < d. By substitution,

r—r= (n—q/d)—(n—qd)
=(¢-4)d.

Moreover, r < 7’ implies that 7’ — r € IN, so by substitution (g —¢’)d € N. Similarly, 0 <
r < r’ implies that 0 < 7' —» < 7’. Thus 0 < (9 —¢’)d < r'. From properties of arithmetic,
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0<g—¢q' f0#£qg—¢q',then1<g—¢g',s0d < (q—¢)d,sod < (q—q')d <r' <d,a
contradiction. Hence g — ¢’ = 0, and by substitution, » — »’ = 0.

We have shown that if 0 < d, then there exist unique ¢, r € Z satistying (D1) and (D2).
We still have to show that this is true for d < 0. In this case, 0 < |d|, so we can find unique
q,7 € Z such that n = g |d|+ r and 0 < r < |d|. By properties of arithmetic, g |d| =¢q (—d) =
(—q)d,son=(—q)d +r. O

Definition 1.20 (terms associated with division): Let n,d € Z and sup-
pose that g, € Z satisfy the Division Theorem. We call 7 the dividend, d
the divisor, g the quotient, and r the remainder.

Moreover, if r = 0, then 7 = gd. In this case, we say that d divides 7, and write

d | n. We also say that 7 is divisible by d. If on the other hand r # 0, then d
does not divide 7, and we write d { 7.

Exercises.

Exercise 1.21:  Show that we can order any subset of Z linearly by <.

Exercise 1.22:  Identify the quotient and remainder when dividing:

(@ 10by -5;

(b) —5by 10;

) —10by —5.

Exercise 1.23:  Let « € N. Show that:
@ 0=<g4

(b) ifaeINT,then1<a;and

(© a<a+1.

Exercise 1.24: Leta,b €Z.
(a) Prove thatifa < b,thena=b ora <b.
(b)  Provethatif botha < b and b <a,thena=05b.

Exercise 1.25:  Leta,b €N and assume that 0<a < b. Let d = b —a. Show that d < b.

Exercise 1.26:  Let a,b,c € Z and assume that 2 < b. Prove that
(a) at+c<b-+c;

(b) ifa,ceNT,a<ac;and

(c) if ceINT, thenac < be.

Exercise 1.27:  Provethatifa€Z,b€IN"',anda | b, thena < b.

Note: You may henceforth assume this for all the inequalities given in Definition 1.12.

Exercise 1.28:  Let § C IN. We know from the well-ordering property that § has a smallest
element. Prove that this smallest element is unique.
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Exercise 1.29:  Let n,d € Z, where d € NT. Define M = {n—qd :q€Z}. Prove that
MNIN #0.

Exercise 1.30: ~ Show that > is not a well-ordering of IN.

Exercise 1.31:  Show that the ordering < of Z can be generalized “naturally” to an ordering
< of Q that is also a linear ordering.

1.2: Integers, monomials, and monoids

By “monomials”, we mean
m

M={x":acN} or M, = H<x?1x;2---xfl">:m,a1,42,...,an€N
1=1

Notice that we consider only those products with nonnegative exponents, and do not allow
coefficients in monomials. The definition of M, indicates that any of its elements is a “product
of products”.

Example 1.32:  The following are monomials:

2 _,0_ .00 0 2,3, 4
x5, I=x"=xxx, X7y xy’.

The following, however, are 7ot monomials:

=
|
0
|
|
N
I
N —
(o%)
=
N
[l
=
WIN

A

We are interested in similarities between IN and M. Why? Suppose that we can identify a
structure common to the two sets. If we make the obvious properties of this structure precise,
we can determine non-obvious properties that must be true about IN, IM, and any other set that
adheres to the structure.
If we can prove a fact about a structure,
then we don’t have to re-prove that fact for all its elements.
This saves time and increases understanding.

Admittedly, it’s harder at first to think about general structures rather than concrete objects, but
time, effort, and determination bring agility.

To begin with, what operation(s) should we normally associate with M? We normally
associate addition and multiplication with the natural numbers, but the monomials are not closed
under addition. After all, x2+ x* is a polynomial, not a monomial. On the other hand, x2.x*
is 2 monomial, and in fact x*x? € M for any choice of 4,6 € IN. In fact, this is true about
monomials in any number of variables.

Lemma 1.33:  Let n € N*. Both M and M,, are closed under multiplication.
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PROOF: We show this is true for M, and leave M, to the exercises. Let ¢, # € M. By definition,
there exist 4, > € N such that £ = x* and # = x”. By definition of monomial multiplication and
by closure of addition in IN, we see that

tu = x"Tl e M.

4

Thanks to this lemma, we henceforth associate the monomials with the operation of
multiplication.

Next, is multiplication commutative or associative? That depends on what the variables
represent!

Example 1.34:  Suppose that x; and x, represent matrices. There exist abundant examples
where x;x, # x,x;. 4
So multiplication of monomials should not in general be considered commutative. This is, in
fact, why we defined M,, as a product of products, rather than combining the factors into one
product in the form x{'x)?--- X

On the other hand, they are associative, and this is easy to show.

Lemma 1.35:  Let n € N, Multiplication in M satifies the commutative prop-

erty. Multiplication in both M and M, satisfies the associative property.

PROOF: Again, we show this to be true for M, and leave the proof for M, to the exercises. Let
t,u,v € M. By definition, there exist a,b,c € IN such that t = x%, » = x?, and v = x¢. By
definition of monomial multiplication and by the commutative property of addition in M, we
see that

By definition of monomial multiplication and by the associative property of addition in IN, we
see that

t(uv) =x" <xbxc> = xAxbe = xoH(bHe) = ylatb)re — yatbyc — (1y) 0.

O

You might ask yourself, Do I have to show every step? That depends on what the reader
needs to understand the proof. In the equation above, it is essential to show that the commuta-
tive and associative properties of multiplication in IM depend strictly on the commutative and
associative properties of addition in IN. Thus, the steps

anrb _ xb+a and xa+(b+c) _ x(aer)Jrc,

with the parentheses as indicated, are absolutely crucial, and cannot be omitted from a good
proof.1*

4Of course, a professional mathematician would not even prove these things in a paper, because they are well-
known and easy. On the other hand, a good professional mathematician would feel compelled to include in a proof
steps that include novel and/or difficult information.
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Another property the natural numbers have is that of an identity: both additive and
multiplicative. Since we associate only multiplication with the monomials, we should check
whether they have a multiplicative identity. Of course, you know this one:

Lemma 1.36:  Both M and M, have 1 = x° = x9x3---x° as a multiplicative

identity.

We won’t bother proving this one, but leave it to the exercises.

There are quite a few other properties that the integers and the monomials share, but the
three properties we have mentioned here are already quite interesting, and as such are precisely
the ones we want to highlight. This motivates the following definition.

Definition 1.37:  Let M be a set, and o an operation on M. We say that (M, o)
is a monoid if it satisfies the following properties:

(closure) for any x,y € M, we have x oy € M;

(associativity)  for any x,y,z € M, we have (xoy)oz =x0(yoz);and

(identity) there exists e € M such that for any x € M, we have eox =
xoe =x.

We may also say that M is a monoid under o.
So far, then, we know the following:

Theorem 1.38:  IN is a monoid under addition and multiplication, while , M
and M, are monoids under multiplication.

PROOF: For N, this is part of Definition 1.10. For M and M, see Lemmas 1.33, 1.35, and 1.36.
O

Generally, we don’t write the operation in conjunction with the set; we write the set
alone, leaving it to the reader to infer the operation. In some cases, this might lead to ambiguity;
after all, both (IN,+) and (IN, x) are monoids, so which should we prefer? We will prefer
(N, +) as the usual monoid associated with IN. Thus, we can write that N, M, and M, are
examples of monoids: the first under addition, the others under multiplication.

What other mathematical objects are examples of monoids?

Example 1.39:  You should have seen in linear algebra that the set of square matrices R”*"™
satisfies properties that make it a monoid under both addition and multiplication. Of course,
your professor almost certainly didn’t ca/l it a monoid at the time. 4

Here’s a more interesting example.

Example 1.40:  Let S be a set, and let F be the set of all functions mapping § to itself, with
the proviso that for any f € Fg, f (s) is defined for every s € §. We can show that F is a monoid
under composition of functions, since

e forany f, g € Fs, we also have f o g € F, where f o g is the function 4 such that for any

s€ES,
h(s)=(fog)(s)=/(g(s))

(notice how important it was that g (s) have a defined value regardless of the value of s);
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e forany f,g,h € Fg, we have (fog)oh=fo(goh),sinceforanys €S,
((fog)oh)(s)=(fog)(h(s)) =/ (g(h(s)))

and
(folgoh))(s)=1((goh)(s))=f(g(h(s)));

e if we denote the identity function by ¢ € Fg, so that ¢(s) = s for all s € §, then for any
f €Fs,wehaveof = foi=f,sinceforany s €8,

(cof)(s)=c(f(s))=/(s) and (for)(s)=/(c(s))=/(s)
(we can say that ¢ (f (s)) = f (s) because f (s) € S).

Although monoids are useful, they are a bit too general for our purposes. Not all the properties
we found for N will hold for all monoids. For example, the Division Theorem doesn’t actually
make sense in the context of a monoid; it requires two operations: multiplication (by the quo-
tient) and addition (of the remainder). So, we will need a more specialized structure to talk about
the Division Theorem in a general context, and we will actually meet one later! (in Section 7.4.)

Here is one useful property that we can prove already. A natural question to ask about
monoids is whether the identity of a monoid is unique. It isn’t hard to show that it is. We can
also show a little more.

Theorem 1.41:  Suppose that M is a monoid, and there exist e,1 € M such that
ex =x and xi = x forall x € M. Then e =i and in fact the identity of a monoid
1s unique.

“Unique” in mathematics means exactly one. To prove uniqueness of an object x, you consider a
generic object y that shares all the properties of x, then reason to show that x = y. This is not a
contradiction, because we didn’t assume that x # y in the first place; we simply wondered about
a generic y. We did the same thing with the Division Theorem (Theorem 1.19 on page 9).

PROOF: Suppose that e is a left identity, and 7 is a right identity. Since 7 is a right identity, we
know that

e=ei.
Since e is a left identity, we know that

el =1.
By substitution,

e=1.

We chose an arbitrary left identity of M and an arbitrary right identity of M, and showed that
they were in fact the same element. Hence left identities are also right identities. This implies
in turn that there is only one identity: any identity is both a left identity and a right identity, so
the argument above shows that any two identities are in fact identical. O
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Exercises.

Exercise 1.42:  Is IN a monoid under:

(a)  subtraction?
(b)  multiplication?
(c) division?

Be sure to explain your answer.

Exercise 1.43:  Is Z a monoid under:
(a) addition?

(b)  subtraction?

(¢)  multplication?

(d)  division?

Be sure to explain your answer.

Exercise 1.44:  Show that multiplication in M, is both closed and associative.

Exercise 1.45:

(@  Show that IN [x], the ring of polynomials in one variable with integer coefficients, is a
monoid under addition.

(b)  Show that IN [x] is also a monoid if the operation is multiplication.

(b)  Explain why we can replace N by Z and the argument would remain valid. (Hint: think
about the structure of these sets.)

Exercise 1.46:  Let S be a set, and P (§) the set of all its subsets. (This is called the power set

of §.) Show that P (§) is a monoid under both U (union) and N (intersection).

Exercise 1.47:  Show that (IN,lcm) is a monoid. Note that the operation here looks unusual:
instead of something like x 0y, you’re looking at lcm (x, y).

Exercise 1.48:  Recall the usual ordering < on M: x* < x? if 2 < b. Show that this is a
well-ordering.

Note: While we can define a well-ordering on M, , it is a much more complicated propo-
sition, which we take up in Section 10.2.

1.3: Direct Products and Isomorphism

We’ve shown that several important sets share the monoid structure. In particular, (N, +)
and (M, x) are very similar. Is there some way of arguing that they are in fact identical as
monoids?

The tool used for this is called isomorphism.

Definition 1.49:  Let (M, x) and (N,+) be monoids. We say that # is iso-
morphic to N, and write M = N, if there exists a one-to-one and onto function
f :M — N such that

@A) f(xy)=f(x)+f () forevery x,y € M; and

®)  f(1y) =1y

We call / an isomorphism. (A function that is one-to-one and onto is often
called a bijection.)
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We used (M, x) and (N, +) in the definition partly to suggest our goal of showing that M and
IN are isomorphic, but also because they could stand for a7y monoids. You will see in due course
that not all monoids are isomorphic, but first let’s show what we wanted to see.

Example 1.50:  We claim that (IM, X) is isomorphic to (N, +). To see why, let f : M — IN
by

f () =a.

First we show that f is a bijection.

To see that it is one-to-one, let #,# € M, and assume that f (¢) = f (#). By definition
of M, t = x* and # = x? for a,b € N. By definition of f, f (x*) = f <xl’>; by substitution,
a = b. In this case, x* = x?, so t = u. We assumed that f (¢) = f (u) for arbitrary t,# € M,
and showed that ¢ = #; that proves f is one-to-one.

To see that it is onto, let 2 € IN. We need to find ¢ € M such that f (¢) = a. Which ¢
should we choose? The “natural” choice seems to be t = x%; that would guarantee f (¢) = a.
Since x* € M, we can in fact make this choice! We took an arbitrary element 2 € IN, and showed
that / maps some element of M to 4; that proves f is onto.

So £ is a bijection. Is it also a homomorphism? First we check (A). Let ¢,# € M.!> By
definition of M, ¢ = x% and # = x? for a,b € N. We now manipulate f (¢#) using definitions
and substitutions to show that (A) is satisfied:

flen)y=F(xx")=f (") =atb=f (x)+f (x") =f () +f (n).

What about (B)? We usually write the identity of M = IM as the symbol 1, but recall that this is
a convenient stand-in for x°. On the other hand, the identity of N = IN is the number 1. We use

this fact to verify (B):
fy)=f ) =f(x")=0=1y.

(We don’t usually write 1;, and 1, but I’'m doing it here to show explicitly how this relates to
the definition.)

We have shown that there exists a bijection f : M — IN that satisfies criteria (A) and
(B). We conclude that M = IN. A

On the other hand, is (IN,+) = (IN, x)? The sets are the same, but the operations is different.
Let’s see what happens.

Example 1.51:  In fact, (N, +) % (IN, X). To show this, we proceed by contradiction. Sup-
pose there does exist an isomorphism f between the two monoids. What would have to be true
about f?

From criteria (B), we would need f (0) = 1; after all, 0 is the identity of (IN,+), while 1
is the identity of (IN, X ). From criteria (A), we know that for any x,y € IN, we would have to

5The definition uses the variables x and y, but those are just letters that stand for arbitrary elements of M. Here
M =M and we can likewise choose any two letters we want to stand in place of x and y. It would be a very bad idea
to use x when talking about an arbitrary element of IM, because there s an element of IM called x. So we choose ¢
and # instead.
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have f (x +y) = f (x) f (»). Let’s see if that’s actually possible. Let 2 € IN such that f (1) = 4;
after all, / has to map 1 to something! Then

F@)=f(1+1) = f (1) % f (1) =a?and
FO)=Ff1+1+1)=F(1)xf(1+1)=a’, sothat
f(n)=--=f(1)" foranyn € N.

So f sends every integer in (IN, +)to a power of 4.

Think about what this implies. For f to be a bijection, it would have to be onto, so every
element of (IN, x) would have to be an integer power of a. This is false! After all, 2 is not an
integer power of 3, and 3 is not an integer power of 2.

The claim was correct: (IN,+) 2 (IN, x). A

You will show in the exercises that = is an equivalence relation; thus, we can also conclude that
(N, x) 2 (N, +).

Let’s look again at monomials. It might have occurred to you that we can view any
element of M, as a list of 7 elements of M. (Pat yourself on the back if so.) If not, here’s an
example:

xi’x; looks an awtul lot like <x6,x3> .

We can do this with other sets, as well; creating new sets via lists of elements of old sets is very
useful.

Definition 1.52:  Let r e NT and §,,S,,...,S, be sets. The Cartesian prod-
uct of S, ..., S, is the set of all lists of 7 elements where the ith entry is an
element of §;; that is,

SyX XS, ={(51,5,...,5,) 15, €S,}.

Example 1.53:  We already mentioned a Cartesian product of two sets in the introduction to
this chapter. Another example would be N x M;; elements of IN x M include (2,x7) and (0,x°).
In general, N x M is the set of all ordered pairs where the first entry is a natural number, and
the second is a monomial. 4

If we can preserve the structure of the underlying sets in a Cartesian product, we call it a direct
product.
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Definition 1.54:  Let r € N and M, M,,...,M, be monoids. The direct
product of M, ..., M, is the pair

(Myx-xM,®)

where M, x --- x M, is the usual Cartesian product, and ® is the “natural” oper-
ationon My X --- X M,.

What do we mean by the “natural” operation on M; X --- x M ? Let x,y €
M, x---xM,; by definition, we can write

x=(xp,...,x,) and y=(y,...,y,)
where each x; and each y; is an element of M;. Then
X QY = (X171, %3)25-+ 5%,y

where each product x;y; is performed according to the operation that makes the
corresponding M; a monoid.

Example 1.55:  Recall that N x M is a Cartesian product; if we consider the monoids (IN, X)
and (M, x ), we can show that the direct product is a monoid, much like N and M! To see why,
we check each of the properties.

(closure) Let t,# € N x M. By definition, we can write ¢ = (4,x%) and » = (b,xﬁ>
for appropriate a,a, b, 8 € N. Then
tu=(a,x*)® (b,x") = (ab,x*xP) = (ab,x*P)eNxM.
u (ax)®( x >defof®<d xx) (&l x ) X

We took two arbitrary elements of IN x M, multiplied them according to the
new operation, and obtained another element of IN x M; the operation is
therefore closed.

(associativity)  Let t,#,v € N x M. By definition, we can write ¢ = (a,x%), # = (b,xﬂ>,
and v = (¢, x7) for appropriate a,a, b, 3,¢,y € N. Then

t(uv) = (a,x*)® [ (b,x7) & (c,x7)]
= (a,x ) <bc x'gxy)

- (alb0) 27 (+P47))
)

To show that this equals (%) v, we have to rely on the associative properties
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of N and M:

We took three elements of IN x IM, and showed that the operation was associa-
tive for them. Since the elements were arbitrary, the operation is associative.

(identity) We claim that the identity of N x M is (1,1) = (1,x°). To see why, let t €
IN x M. By definition, we can write ¢ = (a,x*) for appropriate a,a € IN.
Then

LHet = (L,L1)®(a,x%) = (1xa,1xx* = a,x*)=t

( ) subst. ( ) ( ) def of ® ( ) mult in N,IM ( )

and similarly t ® (1,1) = ¢t. We took an arbitrary element of IN x M, and
showed that (1, 1) acted as an identity under the operation ® with that element.

Since the element was arbitrary, (1,1) must be the identity for IN x IM.
4

Interestingly, if we had used (IN,+) instead of (IN, x) in the previous example, we still would
have obtained a direct product! Indeed, the direct product of monoids is a/ways a monoid!

Theorem 1.56:  The direct product of monoids My, ..., M, is itself a monoid.
Its identity element is (eq, e,,... e, ), where each e; denotes the identity of the corre-
sponding monoid M;.

PROOF: You do it! See Exercise 1.61. O

We finally turn our attention the question of whether M, and IM” are the same.

Admittedly, the two are not identical: IM,, is the set of products of powers of n distinct
variables, whereas IM” is a set of /ists of powers of one variable. In addition, if the variables are
not commutative (remember that this can occur), then M, and M” are not at all similar. Think
about (xy)* = xyxyxyxy; if the variables are commutative, we can combine them into x*y*,
which looks likes (4,4). If the variables are not commutative, however, it is not at al/ clear how
we could get (xy)* to correspond to an element of IN x IN.

That leads to the following result.

Theorem 1.57:  If the variables of M, are commutative, then M, = M”.

PROOF: Assume the variables of M, are commutative. Let f : M, — M” by

f (xflxgz xZﬂ) = (xM,x%2,...,x%).

The fact that we cannot combine a; and 4; if i # j shows that f is one-to-one, and any element

. b b, . . - .
(xbl, .. .,xl’n> of M” has a preimage x, ' ---x,,” in IM,,; thus £ is a bijection.
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Is it also an isomorphism? To see that it is, let ¢,# € M,,. By definition, we can write
t= xfl cexyrand # = xlb1 ---x,f” for appropriate a;, b, ...,a,,b, € N. Then
f(tu)=f <<x?1 xZﬂ) <x1b1 xﬁﬂ)) (substitution)
=f (xf1+b1 --~x:’l"+bn> (commutative property)
= (x“1+b1,...,x“ﬂ+bn> (definition of f)
=(x",...,x")® (xbl, e xl’"> (operation of direct product)
=f(t)Qf (u). (definition of f)
Hence f is an isomorphism, and we conclude that M, = M?”. O

Notation 1.58:

Although we used ® in this section to denote the operation in a direct product,

this is not standard; I was trying to emphasize that the product is different for the direct product

than for the monoids that created it. In general, the product x ® y is written simply as xy. Thus,
the last line of the proof above would have f (¢) f (#) instead of f (¢) ® f (u).

Exercise 1.59:
Exercise 1.60:
Exercise 1.61:

Exercise 1.62:

Exercises.

Show that isomorphism is an equivalence relation.
Show that M” = IN”. What does this imply about M, and IN”?
Prove Theorem 1.56.

Let Tgl denote the set of terms in 7 variables whose coefficients are elements

of the set S. For example, 2xy € T and 7x’ € T,.
(a) Show that if § is a monoid, then so is T¥.
(b)  Show thatif § is a monoid, then T{ = § x M.
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Groups



Chapter 2:
Groups

In Chapter 1 we described monoids. In this chapter, we study a group, which is a kind
of monoid; the property that distinguishes groups from other monoids is essential to a large
number of mathematical phenomena. We describe a special class of groups called the cyclic
groups (Section 2.3) and then look at two example groups related to problems in geometry. The
first, D, describes symmetries of a triangle using groups (Section 2.2). The second, elliptic curves,
has received attention in many areas in recent decades, (Section 2.4).

2.1: Groups

A group is a monoid where each element has an inverse element. Stated precisely:

Definition 2.1:  Let G be a set, and o a binary operation on G. For conve-
nience, denote x 0y as xy. The pair (G, o) is a group under the operation o if
(G, o) satisfies the following properties.
(G1)  The operation is closed; that is,

xy € Glorall x,y € G.
(G2)  The operation is associative; that is,

x (yz) = (xy)zforall x,y,z € G.
(G3)  The group has an identity; that is,

there exists an element e € G such xe = ex = x forall x € G.
(G4)  Every element of the group has an inverse; that is,

for every x € G there exists an element y € G such that xy = yx =e.
We say that (G, o) is an abelian group” if it also satisfies
(G5)  The operation is commutative; that is, xy = yx for all x,y € G.
The table defining the group operation is called a Cayley table. (Comparable to
an addition or multiplication table.)
If the operation is addition, we may refer to the group as an additive group or a
group under addition. We also write —x instead of x~1, and x + (—y) or even
x —y instead of x +y~!, keeping with custom. Additive groups are normally
abelian.
If the operation is multiplication, we may refer to the group as a multiplicative
group or a group under multiplication. The operation is usually understood
from context, so we typically write G rather than (G,+) or (G, x) or (G,o0).
We will write (G, +) when we want to emphasize that the operation is addition.

“Named after Niels Abel, a Norwegian high school mathematics teacher who made important
contributions to group theory.

Example 2.2:  Certainly Z is an additive group; in fact, it is abelian. Why?
(G1) Adding two integers gives another integer.

(G2) Addition of integers is associative.

(G3) The additive identity is the number O.



1. Groups 23

(G4) Every integer has an additive inverse.
(G5) Addition of integers is commutative. A

The same holds true for many of the sets we identified in Chapter 1, using the ordinary definition
of addition in that set.

However, while IN is a monoid under addition, it is not a group. Why not? The problem
is (G4). We know that every natural number has an additive inverse; after all, 24 (-2) = 0.
Nevertheless, (G4) is not satisfied because —2 ¢ IN! It’s not enough to have an inverse in some
set; (G4) requires that the inverse be in the same set! For this reason, IN is not a group.

Example 2.3:  Let n € N The set of invertible 7 x 7 matrices is a multiplicative group. We
leave much of the proof to the exercises, but the properties (G1)-(G4) are generally reviewed in
linear algebra.

Definition 2.4:  We call the set of invertible 7 x 7z matrices the general linear
group of degree 7, and write GL, (IR) for this set. 4

Mathematicians of the 20th century invested substantial effort in an attempt to classify all finite,
simple groups. (You will learn later what makes a group “simple”.) Replicating that achievement
is far, far beyond the scope of these notes, but we can take a few steps in this area.

Definition 2.5:  Let S be any set. We write |$| to indicate the number of
elements in S, and say that |S| is the size of S. If there is an infinite number of
elements in S, then we write |S| = co. We also write |S| < oo to indicate that ||
is finite, if we don’t want to state a precise number.

For any group G, the order of G is the size of G. A group has finite order if
|G| < oo and infinite order if |G| = oco.

We can now classify all groups of order two. We will do this in a “brute force” manner: building
the Cayley table for a “generic” group of order two. As a consequence, we show that regardless
of the set and its operation, every group of order 2 behaves exactly the same way: there is only
one structure possible for its Cayley table.

Example 2.6:  Let G be an arbitrary group of order two. By property (G3), it has to have an
identity, so write G = {e,a} where e represents the known identity.

We did not say that e represents the only identity. For all we know, 2 might also be an
identity; is that possible? In fact, it is not possible; why? Remember that a group is a monoid.
We showed in Proposition 2.9 that the identity of a monoid is unique; thus, the identity of a
group is unique; thus, there can be only one identity, e.

Now we build the addition table. We have to assign a oa = e. Why?

e To satisfy (G3), we must have eoe =¢,e0a =a,andaoce =a.

e To satisty (G4), 2 must have an additive inverse. We know the inverse can’t be e, since
aoe = a; so the only inverse possible is « itself! That is, a=! = 4. (Read that as, “the
inverse of 2 isa.”) Soaoa~! =aoa=e.

So the Cayley table of our group looks like:

ol|ée|a
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The only assumption we made about G is that it was a group of order two. That means this
table applies to any group of order two, and we have determined the Cayley table of all groups
of order two! 4

In Definition 2.1 and Example 2.6, the symbol o is a placeholder for any operation. We assumed
nothing about its actual behavior, so it can represent addition, multiplication, or other opera-
tions that we have not yet considered. Behold the power of abstraction!

Notation 2.7:  We adopt the following convention:

e If we know only that G is a group under some operation, we write o for the operation and
proceed as if the group were multiplicative, writing xy.

e If we know that G is a group and a symbol is provided for its operation, we usually use
that symbol for the group, but not always. Sometimes we treat the group as if it were
multiplicative, writing xy instead of the symbol provided.

e We reserve the symbol + exclusively for additive groups.

The following fact looks obvious—but remember, we’re talking about elements of any group,
not merely the sets you have worked with in the past.

Proposition 2.8:  Let G be a group and x € G. Then (x_l)_1 =x. IfGis
additive, we write instead that — (—x) = x.

Proposition 2.8 says that the inverse of the inverse of x is x itself; that is, if y is the inverse of x,
then x is the inverse of .

PROOF: You prove it! See Exercise 2.12. U

Proposition 2.9:  The identity of a group is both two-sided and unique; that is,
every group has exactly one identity. Also, the inverse of an element is both two-sided
and unique; that is, every element has exactly one inverse element.

PROOF: Let G be a group. We already pointed out that, since G is a monoid, and the identity
of a monoid is both two-sided and unique, the identity of G is unique.

We turn to the question of the inverse. First we show that any inverse is two-sided. Let
x € G. Let w be a left inverse of x, and y a right inverse of x. Since y is a right inverse,

xy =e.

By the identity property (G3), we know that ex = x. So, substitution and the associative prop-
erty (G2) give us

(xy)x =ex

x (yx) =x.
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Since w is a left inverse, wx = e, so substitution, the associative property, the identity property,
and the inverse property (G4) give

w(x (yx)) = wx

wx) (yx) = wx
e(yx) =

yx =e

Hence y is a left inverse of x. We already knew that it was a right inverse of x, so right inverses
are in fact two-sided inverses. A similar argument shows that left inverses are two-sided inverses.

Now we show that inverses are unique. Suppose that y,z € G are both inverses of x.
Since y is an inverse of x,

xy =e.
Since z 1s an inverse of x,

Xz =e.
By substitution,

Xy =XZ.

Multiply both sides of this equation on the left by y to obtain

y(xy) =y (xz).

By the associative property,
(yx)y = (yx)z,
and by the inverse property,

ey =ez.
Since e is the identity of G,
y=z.
We chose two arbitrary inverses of of x, and showed that they were the same element. Hence
the inverse of x is unique. ]

In Example 2.6, the structure of a group compelled certain assignments for addition. We
can infer a similar conclusion for any group of finite order.

Theorem 2.10:  Let G be a group of finite order, and let a,b € G. Then a
appears exactly once in any row or column of the Cayley table that is headed by b.

It might surprise you that this is 7ot necessarily true for a monoid; see Exercise 2.19.

PROOF: First we show that a cannot appear more than once in any row or column headed by
b. In fact, we show it only for a row; the proof for a column is similar.

The element a appears in a row of the Cayley table headed by & any time there exists
¢ € G such that bc = a. Let ¢,d € G such that bc = 4 and bd = a. (We have not assumed that
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¢ # d.) Since a = a, substitution implies that b¢ = bd. Thus

= = (b7'0)c = b (be) = b7 (bd) = (b7'b)d = ed = d
C(G3)€C(G4)< >C(G2) (C)subst ( )(G2)< > (G4)e (G3)

By the transitive property of equality, ¢ = d. This shows that if 2 appears in one column of the
row headed by 4, then that column is unique; a does not appear in a different column.

We still have to show that a appears in at least one row of the addition table headed by 4.
This follows from the fact that each row of the Cayley table contains |G| elements. What applies
to a above applies to the other elements, so each element of G can appear at most once. Thus,
if we do not use 4, then only 7 — 1 pairs are defined, which contradicts either the definition of
an operation (bx must be defined for all x € G) or closure (that bx € G for all x € G). Hence a
must appear at least once. O

Definition 2.11:  Let Gy, ..., G, be groups. The direct product of G, ...,
G,, is the cartesian product G; X -+ x G, together with the operation ® such
that for any (gy,...,g,) and (by,...,h,) In G; x---x G,,,

(gl""ﬂgn)®(/91>""hn) = (gll?l’""gnhn)’

where each product g; b; is performed according to the operation of G;. In other
words, the direct product of groups generalizes the direct product of monoids.

You will show in the exercises that the direct product of groups is also a group.

Exercises.

Exercise 2.12:  Explain why (x_l)_1 = x; or if the operation is addition, why — (—x) = x.
Exercise 2.13:  Explain why M is not a group.

Exercise 2.14:  Let G be a group, and x,y,z € G. Show that if xz = yz, then x = y; or if the
operation is addition, that if x +z =y + z, then x = y.

Exercise 2.15:  Show in detail that R?*? is an additive group.

Exercise 2.16:  Consider the set B = {F, T} with the operation V where

FVF=F
FVT =T
TVF=T
TvVT=T.

This operation is called Boolean or.

Is (B,V) a monoid? Is it an abelian group? If so, explain how it justifies each property.
Identify the zero element, and for each non-zero element identify its additive inverse. If it is not,
explain why not.
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Exercise 2.17:  Consider the set B from Exercise 2.16 with the operation @ where

FeF=F
FeT=T
TeF=T
TeT=F.

This operation is called Boolean exclusive or, or xor for short.

Is (B,®) a monoid? Is it an abelian group? If so, explain how it justifies each property.
Identify the zero element, and for each non-zero element identify its additive inverse. If it is not,
explain why not.

Exercise 2.18:  In Section 1.2, we showed that F, the set of all functions, is a monoid for any

S.

(@  Show that [z, the set of all functions on the real numbers R, is 7ot a group.

(b)  Describe a subset of Fi; that is a group. Another way of looking at this question is: what
restriction would you have to impose on any function f € Fs to fix the problem you
found in part (a)?

Exercise 2.19:  Indicate a monoid you have studied that does not satisfy Theorem 2.10. That
is, find a monoid M such that (i) M is finite, and (ii) there exist a,b € M such that in the the
Cayley table, a appears at least twice in a row or column headed by b.

Exercise 2.20:  Show that the Cartesian product
ZxZ:={(a,b): a,beZ}
is a group under the direct product’s notion of addition; that s,

x+y=(a+c,b+d).

Exercise 2.21:  Let (G,0) and (H, ) be groups, and define
GxH=1{(a,b): a€G, beH}.

Define an operation T on G x H in the following way. For any x,y € G x H, write x = (a,b)
and y = (¢,d); we say that
xty=(aoc,bxd).

(@  Show that (G x H,¥) is a group.
(b)  Show that if G and H are both abelian, then so 1s G x H.
Exercise 2.22: Letn€INT.Let G, G,, ..., G, be groups, and consider

[[G =G xG,x-xG,={(apay,...,a,): 4, €G;Vi=1,2,...,n}
=1
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with the operation T where if x = (ay,4,,...,4,) and y = (b, b,,...,b,), then
xty = (a;by,ayb,...,a,b,),

Where each product 4, b; is performed according to the operation of the group G;. Show that
?_ G, is a group, and notice that this shows that the direct product of groups is a group, as
claimed above (We used ® instead of T there, though.)

Exercise 2.23: LetmeINT™.
(a) Show in detail that R”*" is a group under addition.
(b)  Show by counterexample that R”*™ is not a group under multiplication.

Exercise 2.24:  Let m € Nt. Explain why GL,, (R) satisfies properties (G3) and (G4) of the
definition of a group.

Exercise 2.25: Letm €N and G=GL,, (R).
(a)  Show that there exista,b € G such that (ab) ' £alb
(b)  Show that forany a,b € G, (ab) ' =b~'a _1

Exercise 2.26: Let R™ = {x € R: x >0}, and x the ordinary multiplication of real numbers.
Show that R is a multiplicative group by explaining why (R*, X) satisfies properties (G1)-
(G4).

Exercise 2.27:  Define Q* to be the set of non-zero rational numbers; that is,

Q*:{%: a,betherea#Oandb%O}.

Show that Q* is a multiplicative group.
Exercise 2.28:  Show that every group of order 3 has the same structure.

Exercise 2.29:  Not every group of order 4 has the same structure, because there are two Cay-
ley tables with different structures. One of these groups is the Klein four-group, where each
element is its own inverse; the other is called a cyclic group of order 4, where not every element
is its own inverse. Determine addition tables for each group.

Exercise 2.30:  Let G be a group, and x,y € G. Show that xy~! € G.

Exercise 2.31: Suppose that H is an arbitrary group. Explain Why we cannot assume that for
every a,b € H, (ab)™" =a~'b~", but we can assume that (ab) ™' = b~'a"".

Exercise 2.32:  Let o denote the ordinary composition of functions, and consider the follow-
ing functions that map any point P = (x,y) € R? to another point in R?:
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()  LetP =(2,3). Label the points P, I (P), F (P),X (P),Y (P), (FoX)(P), (X oY) (P),
and (FoF)(P) on an x-y axis. (Some of these may result in the same point; if so, label
the point twice.)

(b) Showthat FoF =XoX =YoY =1.

(c) Show that G = {I,F,X,Y} is not a group.

(d)  Find the smallest group G such that G ¢ G. While you're at it, construct the Cayley
table for G.

()  Is G abelian?

Exercise 2.33:  Let Qg be the set of quaternions, defined by the matrices {:I:l,:l:i, :I:j,:l:k}

where 10 0 01 0
. [ . _ l
(o) (o 2) e (o) ke (30)

(@) Showthati? =7 =k*>=—1.

(b)  Show that ij =k, jk =1, and ik = —j.

(¢)  Use (a) and (b) to build the Cayley table of Qqg. (In this case, the Cayley table is the
multiplication table.)

(c)  Show that Qg is a group under matrix multiplication.

(d)  Explain why Qg is not an abelian group.

Exercise 2.34:  Let G be any group. For all x,y € G, define the commutator of x and y to be

x~1y~lxy. We write [x,7y] for the commutator of x and .

()  Explain why [x,y] = e iff x and y commute.

(b) Show that [x,y]_1 = [y, x]; that is, the inverse of [x,y] is [y, x].

(©)  Let z € G. Denote the conjugation of any g € G by z as g? = zgz~!. Show that
[x,p]" = [x*,y7].

2.2: The symmetries of a triangle

In this section, we show that the symmetries of an equilateral triangle form a group. We
call this group D5. This group is not abelian. You already know that groups of order 2, 3, and 4
are abelian; in Section 3.3 you will learn why a group of order 5 must also be abelian. Thus, D;
is the smallest non-abelian group.

To describe D5, we start with an equilateral triangle in R?, with its center at the origin.
We want to look at its group of symmetries, where a symmetry of the triangle is a distance-
preserving function on IR? that maps points on the triangle back onto itself.

Example 2.35:  Two obvious symmetries of an equilateral triangle are a 120° rotation through
the origin, and a flip through the y-axis. See Figure 2.1. 4

What functions are symmetries of the triangle? To answer this question, we divide it into
two parts.
1. What are the distance-preserving functions that map R? to itself> Here, distance is mea-
sured by the usual metric,

d= \/(xz—x1)2+ (y2—7)>
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@) b)

Figure 2.1. Rotation and reflection of the triangle

2. Not all of the functions identitifed by question (1) map points on the triangle back onto
the triangle; for example a 45° degree rotation does not. Which ones do?
Lemma 2.36 answers the first question.

Lemma 2.36: Leta:R?>—R% If
e a does not move the origin; that is, « (0,0) = (0,0), and
e the distance between a (P) and a (R) is the same as the distance between P
and R for every P,R € R?,
then a has one of the following two forms:

[ cost —sint
~ \ sint  cost

> dreR

or

cost sin ¢
sint —cost

> dt eR.

The two values of t may be different.

(You might wonder why we assume that the origin doesn’t move. Basically, this makes
life easier. If it bothers you, try to see if you can prove that the origin must remain in the same
place under the action of a function « that preserves both distance and a figure centered at the
origin. Then see if you can prove it when the figure is not centered at the origin.)

PROOF: Assume that « (0,0) = (0,0) and for every P, R € IR? the distance between « (P) and
a (R) is the same as the distance between P and R. We can determine « precisely merely from
how it acts on two points in the plane!

First, let P = (1,0). Write  (P) = Q = (¢;,9,); this is the point where & moves Q. The
distance between P and the origin is 1. Since @ (0,0) = (0,0), the distance between Q and the

origin is 4/ qlz + qzz. Because o preserves distance,

1=4/q{ +43,
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or
qf+q22 =1

The only values for Q that satisfy this equation are those points that lie on the circle whose
center is the origin. Any point on this circle can be parametrized as

(cost,sint)

where ¢ € R represents an angle. Hence, @ (P) = (cos¢,sin¢).

Let R = (0,1). Write @ (R) = § = (54, 5,). An argument similar to the one above shows
that § also lies on the circle whose center is the origin. Moreover, the distance between P and R
is /2, so the distance between Q and S is also v/2. That is,

\/(cost —5.)2 + (sint —s,)? = /2,

or
(cost —s;)2 + (sint —s,)* = 2. 1)

We can simplify (1) to obtain
—2(slcost—|—szsint)—|-<512+522> =1. 2)

To solve this, recall that the distance from § to the origin must be the same as the distance from

R to the origin, which is 1. Hence
\/ 312 + 522 =1

512 + 522 =1.
Substituting this into (2), we find that

—2(s;cost +szsint)—|—512+522:1
—2(s;cost+s,sint)+1=1
—2(sycost +s,sint) =0

| COSt = —s,sint. (3)
At this point we can see that s; = sint and s, = —cost would solve the problem; so would
sy = —sint and s, = cost. Are there any other solutions?

Recall that 57 + 57 = 1,50 5, = £4/1— 512. Likewise sint = £4/1—cos’ ¢. Substituting
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into equation (3) and squaring (so as to remove the radicals), we find that

slcost:—\/l—sf-\/l—coszt
s2cos?t = <1—512> <1—cos2 t)

1
slzcoszt = 1—coszt—512+512coszt
512 =1—cos’t
512 —sin’ ¢
S5 =ksint.

Along with equation (3), this implies that s, = Fcos¢. Thus there are two possible values of s;

and s,.

It can be shown (see Exercise 2.43) that « is a linear transformation on the vector space
R? with the basis {P,R} = {(1,0),(0,1)}. Linear algebra tells us that we can describe any linear

transformation as a matrix. If s = (sin¢,—cos¢) then
cost  sint
a=| . ;
sint —cost

4 — [ cost —sint
sint  cost /)’

The lemma names the first of these forms ¢ and the second p.

otherwise

Before answering the second question, let’s consider an example of what the two basic

forms of a do to the points in the plane.

Example 2.37:  Consider the set of points S = {(0,2),(£2,1), (£1,—2)}; these form the ver-

tices of a (non-regular) pentagon in the plane. Let ¢ = 7t /4; then

V2 A2 V2
o= é é and ¢ = ji
2 2

2

il

> |
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Figure 2.2. Actions of p and ¢ on a pentagon, with t = /4

I we apply p to every point in the plane, then the points of S move to

p(S)=1p(0,2),p(=21),p(2,1),p(=1,-2),p(1,-2)}

<f_£,ﬁ+—2 ,<—ﬁ+ﬁ,_@_ 2>,<£+¢§,@_ﬁ>}
2 2 2 2 2 2
~{(=14,14),(=2.1,-07),(07,2.1), (0.7,-2.1), (2.1,—0.7)}.

This is a 45° (0 /4) counterclockwise rotation in the plane.

If we apply ¢ to every point in the plane, then the points of S move to

¢ (S) =19 (0.2),9(=21),9(2,1),9(=1,-2),9(1,-2)}
~ {(1.4,—1.4),(=0.7,-2.1),(2.1,07), (=2.1,0.7), (=0.7,2.1)} .
This is shown in Figure 2.2 . The line of reflection for ¢ has slope (1 — cos %) /sinZ. (You will
show this in Exercise 2.45)

The second questions asks which of the matrices described by Lemma 2.36 also preserve
the triangle.

e The first solution (o) corresponds to a rotation of degree ¢ of the plane. To preserve the
triangle, we can only have t = 0, 27t/3, 47t/3 (0°, 120°, 240°). (See Figure 2.1(a).) Let ¢
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correspond to ¢ = 0, the identity rotation; notice that

[ cosO —sn0O\ (/10
T\ sin0 cos0) " \0 1)
which is what we would expect for the identity. We can let o correspond to a counter-
clockwise rotation of 120°, so

cos 2777 —sin ZT”
P=\ «nin In | =
sin 3 COS 3
A rotation of 240° is the same as rotating 120° twice. We can write that as po p or p%;
matrix multiplication gives us

_1 _A3 _1 _43 _1 B

2 _ 2 2 2 2 — 2 2

P S S B
2 2 2 2 2 2

The second solution () corresponds to a flip along the line whose slope is

I
N|§|NIH
| N|<|
Nl— (o8

w
(S8
98)

(53]
9 5)
95)

m = (1—cost) /sint.

One way to do this would be to flip across the y-axis (see Figure 2.1(b)). For this we need
the slope to be undefined, so the denominator needs to be zero and the numerator needs
to be non-zero. One possibility for ¢ is t = 7 (but not £ = 0). So

_(cosmt sinw)\ [ —-10
4 SIN7T —COS T 01/
There are two other flips, but we can actually ignore them, because they are combinations

of ¢ and p. (Why? See Exercise 2.42.)
Let Dy = {1, ¢,p,0% pp, p*¢}. In the exercises, you will explain why D is a group. To

do that, it is helpful to observe two important properties.

Corollary 2.38:  In D5, pp = p?0.

PROOF: Compare
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and

[
N|§ NI>—~N|§|

e
N
R
Il
7~
~—
/-~
NSl
|
~_

o NS
S~
N
o m
— O
~——

I
PN
~_—
VR
o L
—~ O

| |
&“\"’—‘ | N|§|NI>—~
S
WIS =

Il
7~
|
NI'—'N|&| |
~— I

g

Did you notice something interesting about Corollary 2.38? It implies that multiplica-
tion in Dj is non-commutative! We have p o = 0?9, and a little logic (or an explicit computation)

shows that ngp # py: thus pp # po.
Corollary 2.39:  In D5, p° =¢? =

PROOF: You do it! See Exercise 2.40. O

Exercises.

Exercise 2.40:  Show explicitly (by matrix multiplication) that in Dy, p°> = ¢? = .

Exercise 2.41:  The multiplication table for D; has at least this structure:
z

o |t lelp lpleelpy
c | lolp lplepley
v | ¢ P
oL p Loy
P lp
py | oy
p e lee

Complete the multiplication table, writing every element in the form p” ¢”, never with ¢ before
o- Explain how Dj satisfies the properties of a group. Rather than using matrix multiplication,
use the result of Exercise 2.40.

Exercise 2.42:  Two other values of ¢ allow us to define flips. Find these values of ¢, and
explain why their matrices are equivalent to the matrices pg and p?¢.

Exercise 2.43:  Show that any function « satisfying the requirements of Theorem 2.36 is a

linear transformation; that is, for all P,Q € R? and for all 4,5 € R, a (aP + bQ) = aa (P) +

ba (Q). Use the following steps.

(@ Provethata (P)-a(Q)=P-Q, where - denotes the usual dot product (or inner product)
on R?.
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(b)  Show that « (1,0)-«(0,1) =0.
(c)  Show that a ((4,0) + (0,4)) =
(d) Show that a (aP) =aa (P).

() Showthata (P+Q)=a(P)+a(Q).

aa (1,0)+ ba (0,1).

Exercise 2.44:  Show that the only point in IR? left stationary by p is the origin. That is, if
o (P) =P, then P = (0,0).

Exercise 2.45:  Show that the only points in R? left stationary by ¢ lie along the line whose
slope is (1 —cost) /sint.

2.3: Cyclic groups and order

Here we re-introduce the familiar notation of exponents, in a manner consistent with
what you learned of exponents for real numbers. We use this to describe an important class of
groups that are recur frequently, at least indirectly.

Notation 2.46:  Let G be a group, and g € G. If we want to perform the operation on g ten
times, we could write

[[e=2s282s8ggsszs

1=1
but this grows tiresome. Instead we will adapt notation from high-school algebra and write

glO‘

We likewise define g =1° to represent

Indeed, for any » € N and any g € G we adopt the following convention:
e g” means to perform the operation on 7 copies of g, s0 g” =["_, g;
3 g_” means to perform the operation on 7 copies of g 7!, s0 g7 =T1"_, ¢ ' = (¢7")"%
e g% =c¢, and if [ want to be annoying I can write g° = H?Zl g.
In additive groups we write instead ng = Z” & (—n)g=2"_(—g),and 0g =0.
Notice that this definition assume 7 is positive.

Definition 2.47:  Let G be a group. If there exists g € G such that every
element x € G has the form x = g” for some 7 € Z, then G is a cyclic group
and we write G = (g). We call g a generator of G.

The idea of a cyclic group is that it has the form {...,g72, g7} e, g, g%,...}. If the group is
additive, we would of course write {...,—2¢,—g,0,¢,2g,...}.

Example 2.48:  Z is cyclic, since any # € Z has the form - 1. Thus Z = (1). In addition, »
has the form (—7)-(—1), so Z = (—1) as well. Both 1 and —1 are generators of Z.
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You will show in the exercises that Q is not cyclic. 4

In Definition 2.47 we referred to g as a generator of G, not as the generator. There could in fact
be more than one generator; we see this in Example 2.48 from the fact that Z = (1) = (—1).
Here is another example.

Example 2.49:  Let

({4 (3 ) seraan

It turns out that G is a group; both the second and third matrices generate it. For example,

0 -1\ /-1 o0

1 0) 0 -1

0o-1\" [/ 01

1 0) \-10

4
o —1\'_(10)
1 o) \0o1)"

An important question arises here. Given a group G and an element g € G, define

(g) = {...,g_z,g_l,e,g,gz,...}.

We know that every cyclic group has the form (g) for some g € G. Is the converse also true that
(g) 1s a group for any g € G? As a matter of fact, yes!

Theorem 2.50:  Forevery group G and for every g € G, (g) is an abelian group.

To prove Theorem 2.50, we need to make sure we can perform the usual arithmetic on expo-
nents.

Lemma 2.51:  Let G be a group, g € G, and m,n € Z. Each of the following
holds:

(A)  gmg " =e;thatis, g7 = (g") ",

B (") =g""

(@ g"g"=g""

The proof will justify this argument by applying the notation described at the beginning of this
chapter. We have to be careful with this approach, because in the lemma we have m,n € Z, but
the notation was given under the assumption that » € N*. To make this work, we’ll have to
consider the cases where m and 7 are positive or negative separately. We call this a case analysis.

PROOF: Each claim follows by case analysis.
(A) If m=0,then g_”’:goze:e_lz(go)_lz(gm)_l.
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Otherwise, 7 # 0. First assume that 72 € NT. By notation, g~ = [, g~'. Hence
m m
- —1
gy = <l_[g> <l_[g >
def \31 i=1
m—1 m—1
= (IIe)(e-e)(Ie"
G2) 1=1 1=1
m—1 m—1
-1
~ 8¢ 8
( 3)<i=1 > <‘:1 >
<m—1 > <m—1 >
-1
~ 8 8
GH \izt i=1
=e.
Since the inverse of an element is unique, g~ = (g”) ™.
Now assume that 7 € Z\IN. Since m is negative, we cannot express the product using
m; the notation discussed on page 36 requires a positive exponent. Consider instead
m = |m| € INT. Since the oppositve of a negative number is positive, we can write
—m = m and —m = m. Since 7 is positive, we can apply the notation to it directly;
g =g" H " & while g7 = g™ Hﬁ g~ (To see this in a more concrete
example, try it Wlth an actual number If m = =5, then m = |-5|=5=—(-5), so
g" =g 7 and g7 = g°> = g™.) As above, we have
o 7 7
m_—m —m _m -1
= = —é.
e e s () (1)
Hence g~ = (g”)~L.
B) Ifn=0,then (g”)" = (g”)° = e because anything to the zero power is e. Assume first

that » € N, By notation, (g”)" = [T7_, g”. We split this into two subcases.
(B1)  If m €N, we have

(&) notatnl_[ <Hg> (Gz)l_[g notatn & g

(B2)  Otherwise, let m = |m|€INT and we have

A~
~

mn
A _ _1\mn —
(gm)n n <g m> notatnl_[ <Hg > (G:Z)gg 1n0§tn <g 1> noﬁtng "

subst i1 \iz1
What if 7 is negative? Let 7 = —n; by notation, (g™)" = (g™)™" (g my~1
By (A), this becomes H” &~ . By notation, we can rewrite this as ( g m)n Since

subs
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n € N, we can apply case (B1) or (B2) as appropriate, so

~ ~

myn _ ( —m n _ (=m)n m(-7n) _ mn
(g ) (g ) (B1) or (BZ)g integers!g substg

(C)  We consider three cases.
Ifm=00rn=0,then g°=¢,50 g0 =g =e.
If m,n have the same sign (that is, 7,7 € IN* or m,n € Z\IN), then write m = |m|,
7=|n|, g, =gn and g = gu. This effects a really nice trick: if m € N, then
g = g, whereas if m is negative, g,, = g7 . This notational trick allows us to write
Hm . &n and g” H:Zzl g,, where g = g, and m and 7 are both positive
mtegers Then

m+n

A A A A )
g”¢" =] 1enl . =118n][8n= l_[gm— )R = g,
=1 1=1 1=1 =1

Since g and 7 were arbitrary, the induction implies that g”¢g™ =eforall g e G, n €
IN*.

Now consider the case where 7 and 7 have different signs. In the first case, suppose m is
negative and 7 € NT. Asin (A), let 7 = |m| € NT; then

eeeter e (i) ()

If m > n, we have more copies of g~! than g, so after cancellation,

The remaining case (m € NT, n € Z\IN) is similar, and you will prove it for homework.
U

These properties of exponent arithmetic allow us to show that (g) is a group.

PROOF OF THEOREM 2.50: We show that (g) satisfies properties (G1)-(G5). Let x,y,z € (g).
By definition of (g), there exist 4, b c €Z suchthatx = g%,y = gb, and z = g¢.
(G1): By substitution, xy = g?g”. By LemmaZ 51, xy = g%g? = g*tl e (g).
(G2): By substitution, x (yz) = g* ( g%g ) These are elements of G by inclusion (that is,

(g) € Gsox,y,z € G),so property (G2) in G gives us

x(yz) =g (g"g°) = (g°¢”) g = (x7) z.
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(G3): By definition, e = g% € (g).
(G4): By definition, g7 € (g), and by Lemma 2.51 x-g™% = g%g™* = e. Hence x~! =
y 4 4 y 4 88

g e(g).
(G5):  Using Lemma 2.51 with the fact that Z is commutative under addition,

xy=g'gh =gt =gltt = glgt = yx.

d

Given an element and an operation, Theorem 2.50 links them to a group. It makes sense,
therefore, to link an element to the order of the group that it generates.

Definition 2.52:  Let G be a group, and g € G. We say that the order of g is
ord(g) =|{g)|- If ord(g) = oo, we say that g has infinite order.

If the order of a group is finite, then we can write an element in different ways.

Example 2.53:  Recall Example 2.49; we can write

1o\ /o0 -1\° /o -1\* /o -1\"_

ot1) \t o/ \t o) \1t o)
Since multiples of 4 give the identity, let’s take any power of the matrix, and divide it by 4. The
Division Theorem allows us to write any power of the matrix as 4g + r, where 0 < » < 4. Since

there are only four possible remainders, and multiples of 4 give the identity, positive powers of
this matrix can generate only four possible matrices:

B -(2)

(57)"- (39 (2
)= ()
B (3020

We can do the same with negative powers; the Division Theorem still gives us only four
possible remainders. Let’s write
/0 -1
(1)

(g)={Lg.¢%¢’} 4

The example suggests that if the order of an element G is #» € N, then we can write

(g)= {e’g’gzv"’«gn_l}'

Thus
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This explains why we call (g) a cyclic group: once they reach ord (g), the powers of g “cycle”.To
prove this in general, we have to show that for a generic cyclic group (g) with ord (g) = 7,
e 1 is the smallest positive power that gives us the identity; that is, g” = e, and
e for any two integers between 0 and 7, the powers of g are different; that is, if 0<a < b <
n, then g% # g?.
Theorem 2.54 accomplishes that, and a bit more as well.

Theorem 2.54:  Let G be a group, g € G, and ord (g) = n. Then
(A)  forall a,b €N such that 0 <a < b < n, we have g* # g*.
In addition, if n < oo, each of the following holds:

B g —e

(C)  n is the smallest positive integer d such that g* = e; and

(D) ifa,beZandn|(a—b), then g* = g*.

PROOF: The fundamental assertion of the theorem is (A). The remaining assertions turn out to

be corollaries.

(A) By way of contradiction, suppose that there exist @, € N such that 0 <a < b < n and
g% = g”;then e = (g%) ! g%. By Exercise 2.58, we can write

- g—agb _ g—a—l-b _ gb—a'

Let S = {m € NT: g” = e}. By the well-ordering property of IN, there exists a smallest
element of §; call it d. Recall thata < b,s0 b —a € N, so gb_‘z € S. By the choice of
d, we know that d < b —a. By Exercise 1.25,d <b—-a < b,s00<d < b <n.

We can now list d distinct elements of (g):

g,gz,gB,...,gd:e. “4)

Since d < n, this list omits 7 —d elements of (g). (If ord (g) = oo, then it omits infinitely
many elements of (g).) Let x be one such element. By definition of (g), we can write
x = g¢ for some ¢ € Z. Choose ¢, r that satisty the Division Theorem for division of ¢
by d; that is,

c=qgd+r suchthat ¢g,de€Zand0<r<d.

We have g¢ = g74*7. By Lemma 2.51,

g =(g%) g7 =el-g"=c-g"=¢".

Recall that 0 < r < d, so we listed g” above when we listed the powers of g less than d.
Since g" = g€, we have already listed g¢. This contradicts the assumption that g¢ = g”
was not listed. Hence if 0 < a < b < n, then g% # g*.

For the remainder of the proof, we assume that 7 < .

B) LetS={meNT:g”=e}. Is S non-empty? Since (g) < oo, there must exist a,5 €
N such that 2 < b and g* = g?. Using property (G4) and substitution, g° = e =
g% (g*)7!. By Lemma 2.51, g° = g¥~“. By definition, b —a € N*. Hence § is non-
empty.
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By the well-ordering property of IN, there exists a smallest element of S; call it d. Since
(g) contains 7 elements, 1 < d < n. If d < n, that would contradict assertion (A) of this theorem
(witha =0and b =d). Hence d = n, and g” = ¢, and we have shown (A).
(C)  In(B), S is the set of all positive integers m such that g” = e; we let the smallest element
be d, and we found that d = n.
(D) Leta,beZ. Assumethat n | (a—b). Let g € Z such that ng =a—b. Then

b+(a—b) a

q a—
g'=gle=glel=g" (g9) =g g =gt gt =¢ = g“.

O

We conclude therefore that, at least when they are finite, cyclic groups are aptly named:
increasing powers of g generate new elements until the power reaches 7, in which case g” = e
and we “cycle around”.

Exercises.

Exercise 2.55:  Recall from Example 2.49 the matrix

0 -1
(2
Express A as a power of the other non-identity matrices of the group.

Exercise 2.56:  In Exercise 2.33 you showed that the quaternions form a group under matrix
multiplication. Verify that H = {1,—1,1,—i} is a cyclic group. What elements generate H?

Exercise 2.57:  Let n € N and Q) the set of n-th roots of —1.

(a) Verify that if 7 = 2, then Q = {1,7,—1,—i}, where i = /—1.

(b)  Show that Q) is a group with 7 elements. (You may use, without proof, the facts that (i)
Q) contains the roots of x” + 1, and (ii) there are exactly 7 such roots.)

Exercise 2.58:  Complete the proof of Lemma 2.51(C).

Exercise 2.59:  Let G be a group, and g € G. Let d,7n € Z and assume ord(g) = d. Show
that g” = e if and only if 4 | n.

Exercise 2.60:  Show that any group of 3 elements is cyclic.

Exercise 2.61: s the Klein 4-group (Exercise 2.29 on page 28) cyclic? What about the cyclic
group of order 4?

Exercise 2.62:  Show that Qq is not cyclic.
Exercise 2.63:  Show that Q is not cyclic.

Exercise 2.64:  Use a fact from linear algebra to explain why GL,, (R) is not cyclic.

2.4: Elliptic Curves
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An excellent example of how groups can appear in places that you might not expect is in
elliptic curves. These functions have many applications, partly due to an elegant group structure.

Definition 2.65:  Let 4,/ € R such that —44> # 27b2. We say that E CIR? is
an elliptic curve if

E:{(x,y)elRZ: y2:x3+ax+b}U{Poo},

where P__ denotes a point at infinity.

What is meant by a point at infinity? If different branches of a curve extend toward infinity, we
imagine that they meet at a point, called the point at infinity.

There are different ways of visualizing a point at infinity. One is to imagine the real plane
as if it were wrapped onto a sphere. The scale on the axes changes at a rate inversely proportional
to one’s distance from the origin; in this way, no finite number of steps bring one to the point
on the sphere that lies opposite to the origin. On the other hand, this point would be a limit as
x or y approaches £oo. Think of the line y = x. If you start at the origin, you can travel either
northeast or southwest on the line. Any finite distance in either direction takes you short of the
point opposite the origin, but the limit of both directions meets at the point opposite the origin.
This point is the point at infinity.

Example 2.66:  Let
E= {(x,y) eR?: y? =x3—x}U{Poo}.

Here a = —1and b = 0. Figure 2.3 gives a diagram of E.

It turns out that E is an additive group. Given P, Q € E, we can define addition by:
o IfP=P_,thendefine P+ Q =Q.
e If Q=P_,thendefine P+ Q =P.
o If P,Q#P_,then:
o If P = (py,p,) and Q = (py,—p,), thendefine P+ Q =P__.
o If P = Q, then construct the tangent line ¢ at P. It turns out that ¢ intersects E at
another point § = (s,s,) in R2. Define P + Q = (s{,—s,)
o Otherwise, construct the line ¢ determined by P and Q. It turns out that £ intersects
E at another point § = (s;,5,) in R?%. Define P + Q = (s;,—s,)-
The last two statements require us to ensure that, given two distinct and finite points P,Q €
E, a line connecting them intersects E at a third point S. Figure 2.4 shows the addition of

P = (2,—1/3) and Q = (0,0); the line intersects £ at § = <—1/2,1/g/4>, soP+Q =
(—1/2,-v6/4). 4

Exercises

Exercise 2.67:  Let E be an arbitrary elliptic curve. Show that (g—];, %> # (0,0) for any
point on E.

This shows that E is “smooth”, and that tangent lines exist at each point in R2. (This
includes vertical lines, where 9 —0and &L #0.)
a dy

X
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Figure 2.3. A plot of the elliptic curve y% = x> — x.

Exercise 2.68:  Show that E is an additive group under the addition defined above, with
e P_ asthe zero element; and
e forany P = (py, p,) €E, then —P = (p;,—p,) €E.

Exercise 2.69:  Choose different values for 2 and b to generate another elliptic curve. Graph
it, and illustrate each kind of addition.

Exercise 2.70:  Recall from Section 2.4 the elliptic curve E determined by the equation y? =

x3—x.

(@  Compute the cyclic group generated by (0,0) in E.
(b)  Verify that <\/§ +1,v2+ 2) is a point on E.
(c)  Compute the cyclic group generated by <1/§ +1,4/2+ 2) inE.

Appendix: Basic elliptic curves with Sage
Sage computes elliptic curves of the form

y? +ayxytagy = x? +ﬂz,ox2 taq0x +agg (5)

using the command

E = EllipticCurve(AA, [a;, ayq, 4oy, 4yp, dol) -'°
From then on, the symbol E represents the elliptic curve. You can refer to points on E using the
command

1®Here AA represents the field A of algebraic real numbers, which is a fancy way of referring to all real roots of all
polynomials with rational coefficients.
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Figure 2.4. Addition on an elliptic curve

P =E(, b, ¢)

where

e if ¢ =0, then you must have both @ = 0 and & = 1, in which case P represents P__; but
e if ¢ = 1, then substituting x = a and y = b must satisty equation 5.

By this reasoning, you can build the origin using E(0,0,1) and the point at infinity using
E(0,1,0). You can illustrate the addition shown in Figure 2.4 using the following commands.

sage: E = EllipticCurve(AA,[0,0,0,-1,0])
sage: P = E(2,-sqrt(6),1)

sage: Q = E(0,0,1)

sage: P +Q

(-1/2 : -0.61237243569579457 : 1)

This point corresponds to P + Q as shown in Figure 2.4. To see this visually, create the plot
using the following sequence of commands.
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# Create a plot of the curve

sage: plotE = plot(E, -2, 3)

# Create graphical points for P and Q

sage: plotP = point((P[0],P[1]))

sage: plotQ = point((Q[0],Q[1]))

# Create the point R, then a graphical point for R.

sage: R = P+Q

sage: plotR = point((R[0],R[1]))

# Compute the slope of the line from P to Q

# and round it to 5 decimal places.

sage: m = round( (P[1] - Q[1]) / (P[0] - Q[0]) , 5)

# Plot line PQ.

sage: plotPQ = plot(m*x, -2, 3, rgbcolor=(0.7,0.7,0.7))

# Plot the vertical line from where line PQ intersects E

# to the opposite point, R.

sage: lineR = line(((R[0],R[1]),(R[0],-R[11)),
rgbcolor=(0.7,0.7,0.7))

# Display the entire affair.

sage: plotE + plotP + plotQ + plotR + plotPQ




Chapter 3:
Subgroups

A subset of a group is not necessarily a group; for example, {2,4} C Z, but {2,4} doesn’t
satisfy any properties of an additive group unless we change the definition of addition. Some
subsets of groups are instantly groups, and one of the keys to algebra consists in understanding
the relationship between subgroups and groups.

We start this chapter by describing the properties that guarantee that a subset is a “sub-
group” of a group (Section 3.1). We then explore how subgroups create cosets, equivalence classes
within the group that perform a role similar to division of integers (Section 3.2). It turns out that
in finite groups, we can count the number of these equivalence classes quite easily (Section 3.3).

Cosets open the door to a special class of groups called guotient groups, (Sections 3.4), one
of which is a very natural, very useful tool (Section 3.5) that will eventually allow us to devise
some “easy” solutions for problems in Number Theory (Chapter 6).

3.1: Subgroups

Definition 3.1:  Let G be a group and H C G be nonempty. If H is also a
group under the same operation as G, then H is a subgroup of G. If {e} C H C
G then H is a proper subgroup of G.

Notation 3.2: It H is a subgroup of G, then we write H < G.

Example 3.3:  Check that the following statements are true by verifying that properties (G1)-
(G4) are satisfied.

(@)  Z isasubgroup of Q.

(b) Let4Z:={4m: meZ}={...,—4,0,4,8,...}. Then 4Z is a subgroup of Z.

) LetdeZanddZ :={dm: m eZ}. Then dZ is a subgroup of Z.

(d) (i) is a subgroup of Qq. 4

Checking all of properties (G1)-(G4) is cumbersome. It would be convenient to verify that a set
is a subgroup by checking fewer properties. It also makes sense that if a group is abelian, then its
subgroups would be abelian, so we shouldn’t have to check (G5). So which properties must we
check to decide whether a subset is a subgroup?

To start with, we can eliminate (G2) and (G5) from consideration. In fact, the operation
remains associative and commutative for any subgroup.

Lemma 3.4:  Let G bea group and H C G. Then H satisfies the associative prop-
erty (G2) of a group. In addition, if G is abelian, then H satisfies the commutative
property (G5) of an abelian group. So, we only need to check properties (G1), (G3),
and (G4) to ensure that G is a group.

Be careful: Lemma 3.4 neither assumes nor concludes that H is a subgroup. The other three
properties may not be satisfied: H may not be closed; it may lack an identity; or some element
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may lack an inverse. The lemma merely states that any subset automatically satisfies two impor-
tant properties of a group.

PROOF: If H = 0 then the lemma is true trivially.
Otherwise H #0. Leta, b,c € H. Since H C G, we have a, b, c € G. Since the operation
is associative in G, a (bc) = (ab) c. If G is abelian, then ab = ba. O

Lemma 3.4 has reduced the number of requirements for a subgroup from four to three.
Amazingly, we can simplify this further, to only one criterion.

Theorem 3.5 (The Subgroup Theorem): Ler H C G be nonempry. The fol-
lowing are equivalent:
(A) H<G;
(B)  forevery x,y € H, we have xy~! € H.
Notation 3.6:  Observe that if G were an additive group, we would write x —y instead of xy~1.
PROOF: By Exercise 2.30 on page 28, (A) implies (B).
Conversely, assume (B). By Lemma 3.4, we need to show only that H satisfies (G1), (G3),
and (G4). We do this slightly out of order:
(G3): Letx€H.By®B),e=x-x"1eH.
(G4):  Let x € H. Since H satisfies (G3),e € H. By B), x ' =e-x"! € H.
(G1):  Let x,y € H. Since H satisfies (G4), y~! € H. By (B), xy = x - (y_l)_l EH.
Since H satisfies (G1), (G3), and (G4), H < G. O

The Subgroup Theorem makes it much easier to decide whether a subset of a group is a
subgroup, because we need to consider only the one criterion given.

Example 3.7:  Letd € Z. We claim that dZ < Z. (Here dZ is the set defined in Example 3.3.)
Whys Let’s use the Subgroup Theorem.

Let x,y € dZ. By definition, x = dm and y = dn for some m,n € Z. Note that
—y=—(dn)=d (—n). Then

x—y=x+(=y)=dm+d(—n)=d(m+(-n))=d(m—n).

Now m—n€Z,s0ox—y=d (m—n) €dZ. By the Subgroup Theorem, dZ < Z. Vil
The following geometric example gives a visual image of what a subgroup “looks” like.

Example 3.8:  Let G be the set of points in the x-y plane. Define an addition for elements of
G in the following way. For P; = (xy,y,) and P, = (x,,7,), define

Py + Py = (x;+ x50, + ;)

You showed in Exercise 2.21 that this makes G a group. (Actually you proved it for G x H where
G and H were groups. Here G=H =R.)

7Notice that here we are replacing the y in (B) with x. This is fine, since nothing in (B) requires x and y to be
distinct.
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K

Figure 3.1. H and K from Example 3.8

Let H={x€G: x = (a,0) da € R}. We claim that H < G. Why? Use the subgroup
theorem: Let P,Q € H. By the definition of H, we can write P = (p,0) and Q = (¢,0) where
7,9 € R. Then

P=Q=P+(-Q)=(p,0)+(=4,0) = (p—4,0).

Membership in H requires the second ordinate to be zero. The second ordinate of P — Q is in
fact zero, so P — Q € H. The Subgroup Theorem implies that H < G.

Let K = {x€G: x=(a,1) Ja€R}. We claim that K £ G. Why not¢ Again, use
the Subgroup Theorem: Let P,Q € K. By the definition of K, we can write P = (p,1) and
Q = (g,1) where p,qg € R. Then

P-Q=P+(=Q)=(p.1) +(=¢,-1) = (p—4,0).

Membership in K requires the second ordinate to be one, but the second ordinate of P — Q is

zero, not one. Since P — Q & K, the Subgroup Theorem tells us that X is not a subgroup of G.
Figure 3.1 gives a visualization of H and K. You will diagram another subgroup of G in

Exercise 3.14. A

Examples 3.7 and 3.8 give us examples of how the Subgroup Theorem verifies subgroups of
abelian groups. Two interesting examples of nonabelian subgroups appear in Ds.

Example 3.9:  Recall D; from Section 2.2. Both H = {¢,¢} and K = {L,p,pz} are subgroups
of D;. Why¢ Certainly H,K C G, and Theorem 2.50 on page 37 tells us that / and K are groups.
4

If a group satisfies a given property, a natural question to ask is whether its subgroups also satisty
this property. Cyclic groups are a good example: is every subgroup of a cyclic group also cyclic?
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The answer relies on the Division Theorem (Theorem 1.19 on page 9).

Theorem 3.10:  Subgroups of cyclic groups are also cyclic.

PROOF: Let G be a cyclic group, and H < G. From the fact that G is cyclic, choose g € G such
that G = (g).

First we must find a candidate generator of H. Because H C G, every element x € H can
be written in the form x = g’ for some i € Z. A good candidate would be the smallest positive

power of g in H, if one exists. Let § = {i eNt:g'eH } From the well-ordering of IN, there

exists a smallest element of S; call it d, and assign b = g¢.

We have found a candidate; we claim that H = (b). Let x € H; then x € G. By hypothesis
G is cyclic, so x = g* for some a € Z. By the Division Theorem we know that there exist unique
q,r € Z such that
e a=¢qd+r,and
e 0<r<d.
Let y = g7; by Exercise 2.58 we can rewrite this as

y = gr = g“_qd = g“g_(qd) =x- <gd>_q =x.-h"1q.

Now x € H by definition, and 5»=7 € H by closure (G1) and the existence of inverses (G4), so by
closure y = x-h~7 € H as well. We chose d as the smallest positive power of g in H, and we just
showed that g” € H. Recall that 0< r <d. If 0< r; then g” € H,so r € §. But r < d, which
contradicts the choice of d as the smallest element of S. Hence r cannot be positive; instead,
r=0and x = g% = g7% = h7 € ().

Since x was arbitrary in H, every element of H is in (h); that is, H C (b). Since h € H
and H is a group, closure implies that H D (h), so H = (h). In other words, H is cyclic. O

We again look to Z for an example.

Example 3.11:  Recall from Example 2.48 on page 36 that Z is cyclic; in fact Z = (1). By
Theorem 3.10, dZ is cyclic. In fact, dZ = (d). Can you find another generator of dZ? 4

Exercises.

Exercise 3.12:  Show that even though the Klein 4-group is not cyclic, each of its proper sub-
groups is cyclic (see Exercises 2.29 on page 28 and 2.61 on page 42).

Exercise 3.13:

(@ LetD,(R) ={al,: ae€R} CR"”; that is, D, (R) is the set of all diagonal matrices
whose values along the diagonal is constant. Show that D, (R) < R”*”. (In case you’ve
forgotten Exercise 2.23, the operation here is addition.)

(b)  Let D (R) = {al,: a € R\ {0}} C GL, (R); that is, D’ (IR) is the set of all non-zero
diagonal matrices whose values along the diagonal is constant. Show that D (R) <
GL, (R). (In case you’ve forgotten Definition 2.4, the operation here is multiplication.)

Exercise 3.14: Let G = R? := R x R, with addition defined as in Exercise 2.21 and Exam-
ple38.Let L={x€G: x = (a,a) da eR}.
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(@)  Describe L geometrically.

(b) Show that L < G.

(c)  Suppose ¢ C G is any line. Identify as general a criterion as possible that decides whether
¢ < G. Justify your answer.

Exercise 3.15:  Let G be any group and g € G. Show that (g) < G.

Exercise 3.16:  Let G be an abelian group. Let H, K be subgroups of G. Let
H+K={x+y: xeH,yeK}.

Show that H +K < G.

Exercise 3.17:  Let H = {1, ¢} < D;.

()  Find a different subgroup K of D; with only two elements.

(b) Let HK ={xy: x € H,y € K}. Show that HK £ D;.

(c)  Why does the result of (b) not contradict the result of Exercise 3.16?

Exercise 3.18:  Explain why R cannot be cyclic.

Exercise 3.19:  Let G be agroup and Ay, A,, ..., A,, subgroups of G. Let
B=ANA,N---NA,,.

Show that B < G.

Exercise 3.20:  Let G be a group and H, K two subgroups of G. Let A= HUK. Show that A

need not be a subgroup of G.

3.2: Cosets

Recall the Division Theorem (Theorem 1.19 on page 9). Normally, we think of division
of n by d as dividing 7 into g parts, each containing d elements, with r elements left over. For
example, 7 = 23 apples divided among d = 6 bags gives ¢ = 3 apples per bag and » = 5 apples
left over.

Another way to look at division by d is that it divides Z into d sets of integers. Each
integer falls into a set according to its remainder after division. An illustration using n» = 4:

Z: ... 2-1012345678 ...
LU
divisionby4: ... 2 3 012301230 ...

Here Z is divided into four sets

©)

DO w»
1l
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|
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Observe two important facts:
o thesets A, B, C, and D cover Z; that 1s,

Z=AUBUCUD;

and
e thesets A, B, C, and D are disjoint; that s,

ANB=ANC=AND=BNC=BND=CnND=0.

We can diagram this:

Z =

OO &= >

This phenomenon, where a set is the union of smaller, disjoint sets, is important enough to

highlight with a definition.

Definition 3.21:  Suppose that A is a set and B = {B,} a family of subsets of
A, called classes. We say that B is a partition of A if
e the classes cover A: that is, A = UB 1 and
o the classes are disjoint: that is, if Bj,B, € B are distinct (B; # B,), then
B,NB, =0.

Example 3.22: Let B={A,B,C,D} where A, B, C, and D are defined as in (3.22). Then B is
a partition of Z. A

Two aspects of division allow us to use it to partition Z into sets:
e existence of a remainder, which implies that every integer belongs to at least one class,
which in turn implies that the union of the classes covers Z; and
e uniqueness of the remainder, which implies that every integer ends up in only one set, so
that the classes are disjoint.
Using the vocabulary of groups, recall that A = 4Z < Z (page 47). All the elements of B have
the form 1+ x for some x € A. For example, —3 = 1+ (—4). Likewise, all the elements of C
have the form 2 + x for some x € A, and all the elements of D have the form 3 + x for some
x € A. So if we define
1+A:={1+x: x €A},

then

1+A=1{...,14(—4),14+0,1+4,1+8,...}
={...,-3,1,5,9,...}
= B.

Likewise, we can write A=0+Aand C =2+ A, D =3+ A.
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Pursuing this further, you can check that
= 34 A—14A=54A=9FA=-..

and so forth. Interestingly, all the sets in the previous line are the same as B! In addition,
B=1+A,B=5+A,and 1—-5= —4 € A. The same holds for C: C=2+A4,C =10+ A, and
2—10= -8 € A. This relationship will prove important at the end of the section.

So the partition by remainders of division by four is related to the subgroup A of multi-
ples of 4. This will become very important in Chapter 6.

How can we generalize this phenomen to subgroups that don’t necessarily involve num-
bers?

Definition 3.23:  Let G be a group and A < G. Let g € G. We define the left
coset of A with g as
gA={ga: acA}

and the right coset of A with g as
Ag ={ag: acAl.
If A 1s an additive subgroup, we write the coset of A with g as

g+A:={g+a:acA}.

In general, left cosets and right cosets are not equal, partly because the operation might not
commute.

Example 3.24:  Recall the group D; from Section 2.2 and the subgroup H = {¢, ¢} from Ex-
ample 3.9. In this case,

pH ={p,pp} and Hp = {p,pp}.
Since pp = p*p # pg, we see that oH # Hp. 4

Sometimes, the left coset and the right coset are equal. This is always true in abelian groups, as
illustrated by Example 3.25.

Example 3.25:  Consider the subgroup H = {(4,0) : 2 € R} of R? from Exercise 3.14. Let
p = (3,—1) € R The coset of H with p is

p+H={(3,-1)+q: qeH}
={(3,-1)+(a,0): a€R}
={(3+a,—-1): aeR}.
Sketch some of the points in p + H, and compare them to your sketch of A in Exercise 3.14.
How does the coset compare to the subgroup?

Generalizing this further, every coset of H has the form p + H where p € R?. Elements
of IR? are points, so p = (x,y) for some x,y € R. The coset of H with p is

p+H={(x+a,y): acR}.



54 3. Subgroups

Sketch several more cosets. How would you describe the set of a/l cosets of H in R?? 4

The group does not have to be abelian in order to have the left and right cosets equal. When
deciding if gA = Ag, we are not deciding whether elements of G commute, but whether subsets of
G are equal. Returning to Dj, we can find a subgroup whose left and right cosets are equal even
though the group is not abelian and the operation is not commutative.

Example 3.26: LetK = {L,IO,/OZ}; certainly K < Dj, after all, K = (p). In this case, aK = Ka
for all @ € Dj:

R aK | Ko |
t K K
¢ {0, 0p.00°t = {0.00.p70} {9.00.0%0}
P K K
0’ K K
by {540, (e92) £ (p9) P2}2= {P§0’2§0>P2€0} 2 0,070}
e’ [[{p0, (0°9) o, (P70) P} = 1070, p0, 0} [ {1070, 00, 0}

In each case, the sets K and K¢ are equal, even though ¢ does not commute with p. (You
should verify these computations by hand.) 4

We can now explain the observation we made previously:

Theorem 3.27:  The cosets of a subgroup partition the group.

PROOF: Let G be a group, and A < G. We have to show two things:
(CP1)  the cosets of A cover G, and

(CP2)  distinct cosets of A are disjoint.
We show (CP1) first. Let g € G. The definition of a group tells us that g = ge. Since e € A by

definition of subgroup, g = ge € gA. Since g was arbitrary, every element of G is in some coset
of A. Hence the union of all the cosets is G.

For (CP2), let x,y € G. We proceed by showing the contrapositive: if two cosets are not
disjoint, then they are not distinct. Assume that the cosets xA and yA are not disjoint; that is,
(xA)N (yA) # 0. We want to show that they are not distinct; that is, xA = yA. Since xA and
yA are sets, we must show that two sets are equal. To do that, we show that xA C yA and then
xA D yA.

To show that xA C yA, let g € xA. By assumption, (xA) N (yA) # 0, so choose h €
(xA)N (yA) as well. By definition of the sets, there exist a;,4,,4; € A such that g = xa,, and
h = xa, = yas. Since xa, = ya;, the properties of a group imply that x =y <a342_1>. Thus

g =xa;= <y <a3az_l>> a =y <<a3az_1> “1) €yA.

Since g was arbitrary in xA, we have shown xA C yA.

A similar argument shows that xA D yA. Thus xA = yA.

We have shown that if xA and yA are not disjoint, then they are not distinct. The con-
trapositive of this statement is precisely (CP2). Having shown (CP2) and (CP1), we have shown
that the cosets of A partition G. O

We conclude this section with three facts that allow us to decide when cosets are equal.
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Lemma 3.28 (Equality of cosets):  Let G be a group and H < G. All of the
following hold:

(CE1) eH =H.

(CE2) ForallaeG,ae€H iffaH = H.

(CE3) Foralla,b €G,aH = bH if and only ifa='b € H.

As usual, you should keep in mind that in additive groups these conditions translate to
(CEl) 0+H=H.
(CE2) ForallaeG,ifaeHthena+H=H.
(CE3) Foralla,beG,a+H=b+Hifandonlyifa—beH.

PROOF: We only sketch the proof here. You will fill in the details in Exercise 3.35. Remember
that part of this problem involves proving that two sets are equal, and to prove that, you should
prove that each is a subset of the other.

(CE1) is “obvious” (but fill in the details anyway).

Since (CE2) is an equivalence (“iff”), we have to prove two directions. Let a € G. First,
assume that aH = H; it is “obvious” that € H (but fill in the details anyway). Conversely,
assume that a € H; it is “obvious” that a/H C H. For the other direction, let » € H; then find an
element x € H such that ax = A. It’s not so hard to find x from that equation, but you must also
explain how we know that x € H and how subsequently ax € aH; otherwise, we don’t know
that h €aH.

Since (CE3) is also an equivalence, we have to prove two directions. Let 2,5 € G. First,
assume that aH{ = bH_. Let x € aH; then x = ah for some h € H. Since aH = bH, we know
that x € bH, so x = bh for some h € H as well. By substitution, ah = bh. It is “obvious” from
here that =15 € H (but fill in the details anyway).

Conversely, assume that 2715 € H. We must show that ¢ = bH, which requires us to
show that aH C bH and aH D bH. Since a~'b € H, we have

b=a (a_1b> €aH.
We can thus write b = ah for some h € H. Let y € bH; then y = bh for some b € H, and we

have y = (ah) h e H. Since y was arbitrary in bH, we now have aH 2 bH.

On the other hand, let x € 2H; then x = ab for some heH. Sincea b e H, it follows
that (a™! b) € H, and we can now argue that x € bH in the same manner that we argued that

y € aH (but fill in the details anyway). Hence a H C b H. O

Exercises.

Exercise 3.29:  Show explicitly why left and right cosets are equal in abelian groups.

Exercise 3.30:  Let {e,a,b,a + b} be the Klein 4-group. (See Exercises 2.29 on page 28, 2.61
on page 42, and 3.12 on page 50.) Compute the cosets of ().
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Exercise 3.31:  In Exercise 3.17 on page 51, you found another subgroup K of order 2 in D;.
Does K satisty the property aK = Ka for all « € D5?

Exercise 3.32:  Recall the subgroup L of R? from Exercise 3.14 on page 50.

(a)  Give a geometric interpretation of the coset (3,—1) + L.

(b)  Give an algebraic expression that describes p + L, for arbitrary p € R2.

(©)  Give a geometric interpretation of the cosets of L in IR?.

(d)  Use your geometric interpretation of the cosets of L in IR? to explain why the cosets of L
partition R2.

Exercise 3.33:  Recall D, (R) from Exercise 3.13 on page 50. Give a description in set nota-
tion for

03
(23)nm,
List some elements of the coset.

Exercise 3.34:  In the proof of Theorem 3.27 on page 54, we stated that “A similar argument
shows that xA D yA.” Give this argument.

Exercise 3.35:  Prove Lemma 3.28(A).

Exercise 3.36: It turns out that membership in a coset is an equivalence relation. That s, if
we define a relation ~ on x,y € G by

x~y <= xandy are in the same coset of a subgroup A of G,

then this relation is reflexive, symmetric, and transitive. Prove this.

3.3: Lagrange’s Theorem

This section introduces an important result describing the number of cosets a subgroup
can have. This leads to some properties regarding the order of a group and any of its elements.

Notation 3.37:  Let G be a group, and A < G. We write G /A for the set of all left cosets of A.
That is,
G/A={gA: g€ G}.

We also write G\A for the set of all right cosets of A:

G\A={Ag: geG}.

Example 3.38: Let G =7Z and A =4Z. We saw in Example 3.22 that
G/A=7Z/4Z ={A,1+A,2+A,3+ A}.

We actually “waved our hands” in Example 3.22. That means that we did not provide a very
detailed argument, so let’s show the details here. Recall that 4Z is the set of multiples of Z, so
x € A iff x is a multiple of 4. What about the remaining elements of Z?
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Let x € Z; then
x+A={x+z:z€Al={x+4n: neZ}.

Use the Division Theorem to write
x=4q+r

for unique ¢, r € Z, where 0 < r < 4. Then
x+A={(4g+r)+4n: ne€Zt={r+4(q+n): neZ}.
By closure, g + n € Z. If we write m in place of 4 (g + n), then m € 4Z. So
x+A={r+m: me4Z}=r+4Z.

The distinct cosets of A are thus determined by the distinct remainders from division by 4. Since
the remainders from division by 4 are 0, 1, 2, and 3, we conclude that

as claimed above. VA

Example 3.39:  Let G =D;and K = {;,p, p?} as in Example 3.26, then

G/K =Dy/ (o) = {K,¢pK}.

A

Example 3.40:  Let H < R? be as in Example 3.8 on page 48; that is,

H={(a,0)€R’: a€R}.
Then

R*/H={r+H: reR?*}.
It is not possible to list all the elements of G /A, but some examples would be

(1,1) + H, (4,-2) + H.

Speaking geometrically, what do the elements of G /A look like? 4

It is important to keep in mind that G/A is a set whose elements are also sets. As a result,
showing equality of two elements of G /A requires one to show that two sets are equal.
When G is finite, a simple formula gives us the size of G/A.

Theorem 3.41 (Lagrange’s Theorem):  Let G be a group of finite order, and
A< G. Then
|G|

IG/A| = —.
|A]
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The notation of cosets is somewhat suggestive of the relationship we illustrated at the begining
of Section 3.2 between cosets and division of the integers. Nevertheless, Lagrange’s Theorem
is not as obvious as the notation might imply: we can’t “divide” the sets G and A. Rather, we
are dividing group G by its subgroup A into cosets, obtaining the set of cosets G/A. Lagrange’s
Theorem states that the number of elements in G /A is the same as the quotient of the order of
G by the order of A. Since G/A is not a number, we are not moving the absolute value bars
“inside” the fraction.

PROOF: From Theorem 3.27 we know that the cosets of A partition G. There are |G /A| cosets
of A. Each of them has the same size, |A|. The number of elements of G is thus the product of
the number of elements in each coset and the number of cosets. That is, |G/A|-|A| = |G|. This
implies the theorem. O

The next-to-last sentence of the proof contains the statement |G /A| - |A| = |G|. Since |A|
is the order of the group A, and |G /A| is an integer, we conclude that:

Corollary 3.42:  The order of a subgroup divides the order of a group.
Example 3.43:  Let G be the Klein 4-group (see Exercises 2.29 on page 28, 2.61 on page 42,
and 3.12 on page 50). Every subgroup of the Klein 4-group is cyclic, and has order 1, 2, or 4. As
predicted by Corollary 3.42, the orders of the subgroups divide the order of the group.

Likewise, the order of {¢, ¢} divides the order of Dj.

By contrast, the subset HK of D5 that you computed in Exercise 3.17 on page 51 has four

elements. Since 4 ¢ 6, the contrapositive of Lagrange’s Theorem implies that HK cannot be a
subgroup of Dj. VA

From the fact that every element g generates a cyclic subgroup (g) < G, Lagrange’s Theorem
also implies an important consequence about the order of any element of any finite group.

Corollary 3.44:  In a finite group G, the order of any element divides the order
of a group.

PROOF: You do it! See Exercise 3.45. OJ

Exercises.

Exercise 3.45:  Prove Corollary 3.44.

Exercise 3.46:  Suppose that a group G has order 8, but is not cyclic. Show that g* = e for all
g €G.

Exercise 3.47:  Suppose that a group has five elements. Will it be cyclic?
Exercise 3.48:  Find a sufficient (but not necessary) condition on the order of a group that

guarantees that the group is cyclic.

3.4: Quotient Groups
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Let A < G. Is there a natural generalization of the operation of G that makes G/A a
group? By a “natural” generalization, we mean something like

(g4) (hA) = (gh)A.

The first order of business it to make sure that the operation even makes sense. The
technical word for this is that the operation is well-defined. What does that mean? A coset can
have different representations. The operation defined above would not be an operation if two
different representations of gA gave us two different answers. Example 3.49 shows how it can go
wrong.

Example 3.49:  Recall A = (¢) < D5 from Example 3.39. By the definition of the operation,
we have

(pA) <Io2A> = (p o/o2>A =o' A=A=A.

Another representation of pA = {p¢, pp?} is (pp) A. If the operation were well-defined,
then we should have ((p¢)A) (p?A) = (pA) (0?A) = A. That is not the case:

((pe)A) (£*4) = ((pp) ) A= (0 (¢67) ) A= (p (pp)) A= (p*p) AF A.
4

On the other hand, sometimes the operation is well-defined.

Example 3.50:  Recall the subgroup A = 4Z of Z. Let B,C,D € Z/A,soB=b+Z, C =
c+7Z,and D =d + Z for some b,c,d € Z.

The problem is that we could have B = D but B+ C # D + C. For example, if B =
14+4Z and D =5+4Z, B = D. Does it follow that B4+ C =D + C?

From Lemma 3.28, we know that B=D iff b—d € A = 4Z. Thatis, b —d = 4m
for some m € Z. Let x € B+ C; then x = (b+c¢)+4n for some n € Z; we have x =
((d+4m)+c)+4n = (d+c)+4(m+n) € D+ C. Since x was arbitrary in B+ C , we
have B+ C C D + C. A similar argument shows that B+ C 2D+ C,soB+C=D+C. 4

So the operation was well-defined here. What made for the difference? When we rewrote
((d+4m)+c)+4n=(d+c)+4(m+n)

we relied on the fact that addition commutes in an abelian group. Without that fact, we could not
have swapped ¢ and 4m. Can we identify a condition on a subgroup that would guarantee that
the procedure results in an operation? If cosets are to act as a group, does the group have to be
abelian?

The key in Example 3.50 was not really that Z is abelian. Rather, the key was that we
could swap 4m and ¢ in the expression ((d +4m) + ¢) + 4m. In a general group setting where
A < G, for every ¢ € G and for every a € A we would need to find a’ € A to replace ca with a’c.
The abelian property makes it easy to do that, but we don’t need G to be abelian; we need A to
satisfy this property. Let’s emphasize that:

The operation defined above is well-defined
i



60 3. Subgroups

for every ¢ € G and for everya € A
there exists a’ € A such that ca = a’c.
Think about this in terms of sets: for every ¢ € G and for every a € A, there exists a’ € A such

that ca = a’c. Here ca € cA is arbitrary, so cA C Ac. The other direction must also be true, so
cA D Ac. In other words,
The operation defined above is well-defined
iff cA=Ac forall c € G.
This property merits a definition.

Definition 3.51: LetA<G.If
gA =Ag
for every g € G, then A is a normal subgroup of G.

Notation 3.52:  We write A< G to indicate that A is a normal subgroup of G.

Although we have outlined the argument above, we should show explicitly that if A is a normal

subgroup, then the operation proposed for G /A is indeed well-defined.

Lemma 3.53:  Let A < G. Then (CO1) implies (CO2).

(CO1)  A<G.

(CO2) Let X,Y € G/A and x,y € G such that X = xA and Y = yA. The
operation - on G /A defined by

XY =(xy)A
is well-defined for all x,y € G.

PROOF: Let W,X,Y,Z € G/A and choose w,x,y,z € G such that W = wA, X = xA4,
Y =yA, and Z = zA. To show that the operation is well-defined, we must show that if W = X
and Y = Z, then WY = XZ regardless of the values of w, x, y, or z. Assume therefore that
W = X and Y = Z. By substitution, wA = xA and yA = zA. By Lemma 3.28(CE3), w~!x € A
and y~!z € A.
Since WY and X Z are sets, showing that they are equal requires us to show that each is
a subset of the other. First we show that WY C XZ. To do this, let t € WY = (wy)A. By
definition of a coset, t = (wy)a for some a € A. What we will do now is rewrite ¢ by
e using the fact that A is normal to move some element of  left, then right, through the
representation of ¢; and
e using the fact that W = X and Y = Z to rewrite products of the form w¢& as xa and y¢& as
zd, where &,a,a,4 € A.
How, precisely? By the associative property, ¢t = w (ya). By definition of a coset, ya € yA. By
hypothesis, A is normal, so yA = Ay; thus, ya € Ay. By definition of a coset, there exists 4 € A
such that ya = dy. By substitution, ¢t = w (dy). By the associative property, t = (wd)y. By
definition of a coset, wd € wA. By hypothesis, A is normal, so wA = Aw. Thus wd € Aw. By
hypothesis, W = X; that is, wA = xA. Thus wd € xA, and by definition of a coset, wd = x4
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for some 4 € A. By substitution, ¢ = (x4) y. The associative property again gives us t = x (4y);
since A is normal we can write 4y = yd for some d € A. Hence t = x (y4). Now,

ya€yA=Y =7 = zA,
so we can write yd = zd for some & € A. By substitution and the definition of coset arithmetic,
t =x(zd) = (xz)d € (xz)A= (xA) (zA) =X Z.

Since t was arbitrary in WY, we have shown that WY C X Z. A similar argument shows
that WY D X Z; thus WY = X Z and the operation is well-defined. O

An easy generalization of the argument of Example 3.50 shows the following Theorem.

Theorem 3.54:  Let G be an abelian group, and H < G. Then H<G.

PROOF: You do it! See Exercise 3.62. O
As we pointed out before, we don’t need an abelian group to have a normal subgroup.
Example 3.55:  Let
As={up,p*} < Ds.

We call A5 the alternating group on three elements. We claim that A <D;. Indeed,

o oA, Ao
L As A
P 4; Ay

P A4; 4;

¢ | A= {%qﬂp,éﬂpz; = mngo,pgﬂ} =A30 | Asp = A
Py {f%(pf)p, (psgm }2: {péﬂ;sﬂ,fo ¢} = pA; pA;
¢ [ 170, (e°0) o, (P°9) P L = 1P 0o pps 0 = 0As | @A;

(We have left out some details. You should check the computation caretully, using extensively

the fact that pp = p?¢.) A

As we wanted, normal subgroups allow us to turn the set of cosets into a group G /A.

Theorem 3.56:  Let G be a group. If A< G, then G /A is a group.

PROOF: Assume A< G. By Lemma 3.53, the operation is well-defined, so it remains to show

that G/ A satisfies properties (G1)-(G4) of a group.

(G1):  Closure follows from the fact that multiplication of cosets is well-defined when A< G, as
shown in Lemma 3.53: Let X,Y € G /A, and choose g, g, € G such that X = g;A4 and
Y = g,A. By definition of coset multiplication, XY = (g,4) (g,4) = (g,8,) A€ G/A.
Since X,Y were arbitrary in G /A, coset multiplication is closed.

(G2):  The associative property of G/A follows from the associative property of G. Let
X,Y,Z € G/A; choose g;,2,,8; € G such that X = g/A, Y = g,A, and Z = gA.
Then

(XY)Z =[(g:14) (4)] (&4)-



62 3. Subgroups

By definition of coset multiplication,

(XY)Z=((g1£2)4) (g4).

By the definition of coset multiplication,

(XY)Z=((g18) &) A

(Note the parentheses grouping g,¢,.) Now apply the associative property of G and
reverse the previous steps to obtain

(XY)Z = (g (g8))A
= (g14) ((g283)4)
= (g14) [(g4) (g4)]
=X (YZ).

Since (XY)Z = X (YZ) and X,Y,Z were arbitrary in G/A, coset multiplication is
associative.

(G3):  We claim that the identity of G/A is A itself. Let X € G/A, and choose g € G such
that X = gA. Since e € A, Lemma 3.28 on page 55 implies that A = eA, so

XA=(gA)(eA) =(ge)A=gA=X.

Since X was arbitrary in G/A and XA = X, A is the identity of G/A.
(G4):  Let X € G/A. Choose g € G such that X = gA, and let Y = g~'A. We claim that
Y = X L. By applying substitution and the operation on cosets,

XY =(gA) <g_1A> = <gg_1>A =eA=A.

Hence X has an inverse in G/A. Since X was arbitrary in G/A, every element of G/A
has an inverse.

We have shown that G /A satisfies the properties of a group. O
We need a definition for this new kind of group.

Definition 3.57:  Let G be a group, and A<G. Then G/A is the quotient
group of G with respect to A, also called G mod A.

Normally we simply say “the quotient group” rather than “the quotient group of G with respect
to A.” We meet a very interesting and important quotient group in Section 3.5.

Example 3.58:  Since A; is a normal subgroup of D3, D; /A5 is a group. By Lagrange’s Theo-
rem, it has 6/3 = 2 elements. The composition table is
[¢) A3 §0A3
As | A5 |94
pA; | A5 | A; Y
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Exercises.

Exercise 3.59:  Show that for any group G, {e} <G and G« G.

Exercise 3.60:  Let H = (i) < Q.
()  Show that H «Qg by computing all the cosets of H.
(b)  Compute the multiplication table of Qg/H.

Exercise 3.61:  Let H = (—1) < Qq.

()  Show that H «Qg by computing all the cosets of H.

(b)  Compute the multiplication table of Qg/ H.

(¢)  With which well-known group does Qg/ H have the same structure?

Exercise 3.62:  Let G be an abelian subgroup. Explain why for any H < G we know that
H«G.

Exercise 3.63:  Let G be a group, g € G, and H < G. Define the conjugation of H by g as
gHg '=1{h8:heH}.

(The notation A8 is the definition of conjugation from Exercise 2.34 on page 29; that is, h8 =
ghgL.) Show that H<«G ifand only if H = gH g ! forall g € G.1®

Exercise 3.64:  Recall the subgroup L of R? from Exercises 3.14 on page 50 and 3.32 on
page 56.

(@)  Explain how we know that L «IR? without checking that p + L = L + p for any p € R?.
(b)  Sketch two elements of R?/L and show their addition.

Exercise 3.65:  Explain why every subgroup of D,, (R) is normal.

Exercise 3.66:  Show that Qg is not a normal subgroup of GL,, (C).

Exercise 3.67:  Let G be a group. Define the centralizer of G as
Z(G)={geG: xg=gxVxeG}.

Show that Z (G) «G.

Exercise 3.68:  Let G be a group, and H < G. Define the normalizer of H as

Ng(H)=1{geG: gH =Hg}.
Show that H « N (H).

Exercise 3.69:  Let G be a group, and A < G. Suppose that |G/A| = 2; that is, the subgroup
A partitions G into precisely two left cosets. Show that:

8Certain texts define a normal subgroup this way; that is, a subgroup H is normal if every conjugate of H is
precisely H. They then prove that in this case, any left coset equals the corresponding right coset.
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e A<G;and
e G /A is abelian.

Exercise 3.70:  Recall from Exercise 2.34 on page 29 the commutator of two elements of a

group. Let [G, G| denote the intersection of all subgroups of G that contain [x,y] forall x,y €

G.

(@  Compute [D5,D;].

(b)  Compute [Qg, Qg]-

(¢)  Show that [G,G] <« G; that is, [G, G] is a normal subgroup of G. Note: We call [G, G] the
commutator subgroup of G. See Section 3.6.

3.5: “Clockwork” groups

By Theorem 3.54, every subgroup H of Z is normal. Let n € Z; since nZ < Z, it follows
that nZ «Z. Thus Z/nZ is a quotient group.

We used nZ in many examples of subgroups. One reason is that you are accustomed to
working with Z, so it should be conceptually easy. Another reason is that the quotient group
Z./nZ has a vast array of applications in number theory and computer science. You will see
some of these in Chapter 6. Because this group is so important, we give it several special names.

Definition 3.71:  Let n € Z. We call the quotient group Z/nZ
e Z mod nZ, or
e Z mod n, or
e the linear residues modulo 7.

Notation 3.72: It is common to write Z,, instead of Z/nZ.

Example 3.73:  You already saw a bit of Z, = Z/4Z at the beginning of Section 3.2 and
again in Example 3.50. Recall that Z, = {4Z,1+ 47,2+ 47,3 +4Z}. Addition in this group
will always give us one of those four representations of the cosets:

(2+4Z) + (1 +42Z) =3+ 4Z;
(14+4Z) + (3+4Z) = 4+4Z = 4Z;
(244Z) + (3+4Z) =5+ 4Z = 1+ 4Z;

and so forth.
Reasoning similar to that used at the beginning of Section 3.2 would show that

Zy =7Z/31Z = (312,14 31Z,...,30+ 31Z}.

We show this explicitly in Theorem 3.77. 4

Before looking at some properties of Z , let’s look for an easier way to talk about its elements.
It is burdensome to write @ + nZ whenever we want to discuss an element of Z,, so we adopt
the following convention.

Notation 3.74:  Let A€ Z,, and choose r € Z such that A = r + nZ.
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e If it is clear from context that A is an element of Z ,, then we simply write 7 instead of
r +nd.
e If we want to emphasize that A is an element of Z, (perhaps there are a lot of integers
hanging about) then we write [r] , instead of » +nZ.
e If the value of 7 is obvious from context, we simply write [7].
To help you grow accustomed to the notation [r] , we use it for the rest of this chapter, even
when 7 1s mind-bogglingly obvious.

The first property is that, for most values of 7, Z, has finitely many elements. To show that
there are finitely many elements of Z,,, we rely on the following fact, which is important enough
to highlight as a separate result.

Lemma 3.75:  Let n € Z\ {0} and [a], € Z,. Use the Division Theorem to
choose q, 7 € Z such thata = gn +r and 0 < r < n. Then [a], = [r]

-
It should not surprise you that the proof of Lemma 3.75relies on the Division Theorem, since

we said that the elements of Z, correspond to the remainders from division by 7. It is similar
to the discussion in Example 3.38 on page 56, so you might want to reread that.

PROOF: We give two different proofs.
(1) By definition and substitution,

4], =a+nZ
=(qn+7r)+nZ
={(gn+7r)+nd:deZ}
={r+n(qg+d):deZ}
={r+nm:meZ}
=r+nZ

= [r]n

(2) Rewrite a = gn+ r asa — r = gn. By definition, 2 — r € nZ. The immensely useful
Lemma 3.28 shows that @ +nZ = r 4+ nZ, and the notation implies that 2], = [7],,. O

Definition 3.76:  We call [r], in Lemma 3.75 the canonical representation
of [a],,. That is, the canonical representation of an element of Z,, is the repre-
sentation whose value is between 0 and 7 — 1, inclusive.

Theorem 3.77:  Z,, is finite for every nonzero n € Z. In fact, if n # O then
Z.,, has n elements corresponding to the remainders from division by n: 0, 1, 2, ...,
n—1.

PROOF: Lemma 3.75 states that every element of such Z,, can be represented by [r], for some
r € Z where 0 < r < n. But there are only 7 possible choices for such a remainder. O

Let’s look at how we can perform arithmetic in Z,,.
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Lemma 3.78: Letd,n€Z and|al,,[b],€Z,. Then

For example, [3], + [9], = [3 4 9]; = [12], = [5], and —43]5 = [-4-3]5 = [-12]5 = [3].
PROOF: Applying the definitions of the notation, of coset addition, and of #Z, we see that

(al,, + 6], = (a+nZ)+(b+nZ)
=(a+b)+nZ
=la+b],.

For d [a],,, we consider two cases. If d is positive, then the expression d [4], is the sum of d
copies of [a],,, which the Lemma’s first claim (now proved) implies to be

al, +lal, +---+a],, = [24],+]a], +--+a], = - =][da],.

d times d — 2times

It d is negative, then the expression d [a], is the sum of |d| copies of —[a], (this notation is
defined at the beginning of Chapter 2, Section 2.3). Again using the first claim, [a], + [—4], =
la+ (—a)], =[0],,so —[a], = [—a],. By substitution,

n

dla], = d|(=[a,]) = d|[=al, = [ld|- (=a)], = [-d - (=a)], = [dd],, -

Lemmas 3.75 and 3.78 imply that each Z,, acts as a “clockwork” group. Why?
e Toadd [4], and [b] ,let c =a +b.
e If 0 < ¢ < n, then you are done. After all, division of ¢ by 7 givesg =0 and r =c.
e Otherwise, ¢ <0 or ¢ > n, so we divide ¢ by 7, obtaining g and r where 0 < r < n. The
sum s [7],.
We call this “clockwork” because it counts like a clock: if you wait ten hours starting at 5 o’clock,
you arrive not at 15 o’clock, but at 15— 12 = 3 o’clock.
It should be clear from Example 2.6 on page 23 as well as Exercise 2.28 on page 28 that
Z, and Z; have precisely the same structure as the groups of order 2 and 3.
On the other hand, we saw in Exercise 2.29 on page 28 that there are two possible struc-
tures for a group of order 4: the Klein 4-group, and a cyclic group. Which structure does Z,
have?

Example 3.79:  Use Lemma 3.78 to observe that

([114) = {1014 (14, 2], 3]}

since [2], = [1]4 + [1]4, [3]4 = 2] 4 [1]4, and [0], = 0- [1], (or [0], = [3]4 + [1])- 4
The fact that Z, was cyclic makes one wonder: is Z,, always cyclic? Yes!

Theorem 3.80:  Z,, is cyclic for every n € Z.
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PROOF: Let n € Z. We have

SoZ, C([1],). Itisclear that Z, D ([1] ), so in fact Z,, = ([1] ), and Z,, is therefore cyclic.
]

We saw in Example 3.79 that not every non-zero element necessarily generates Z,,. A
natural and interesting followup question to ask is, which non-zero elements do generate Z,?
You need a bit more background in number theory before you can answer that question, but in
the exercises you will build some more addition tables and use them to formulate a hypothesis.

The following important lemma gives an “easy” test for whether two integers are in the
same coset of Z,,.

Lemma 3.81:  Leta,b,n € Z and assume that n > 1. The following are equiv-
alent.

(A) a+nZ=>b+nZ.
(B la], =10,
(@ nl(a=b).

PROOF: You do it! See Exercise 3.87. O

Exercises.

Exercise 3.82:  We showed that Z,, is finite for » € N*. What if » = 0? How many elements
would it have? Illustrate a few additions and subtractions, and tell me whether you think that
Z, is an interesting or useful group. (Maybe it is; maybe it isn’t.)

Exercise 3.83:  As discussed in the text, we know already that Z, and Z; are not very inter-
esting, because their addition tables are predetermined. Since their addition tables should be easy
to determine, go ahead and write out the addition tables for these groups.

Exercise 3.84:  Write down the addition table for Zs. Which elements generate Z5?
Exercise 3.85:  Write down the addition table for Z,. Which elements generate Z?

Exercise 3.86:  Compare the results of Example 3.79 and Exercises 3.83, 3.84, and 3.85. For-
mulate a conjecture as to which elements generate Z,,. Do not try to prove your example.

Exercise 3.87: Prove Lemma 3.81.

3.6: “Solvable” groups

One of the major motivations of group theory was the question of whether a polynomial
can be solved by radicals. For example, if we have a quadratic equation ax? + bx + ¢ = 0, then

B —b++b*—4ac

2a

X
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(This works unless 2 # 0, in which case we wouldn’t consider the equation quadratic.) Since
the solution contains nothing more than addition, multiplication, and radicals, we say that a
quadratic equation is solvable by radicals.

Similar formulas can be found for cubic and quartic equations. When mathematicians
turned their attention to quintic equations, however, they hit a wall: they weren’t able to use
previous techniques to find a “quintic formula”. Eventually, it was shown that this is because
some quintic equations are not solvable by radicals. The method they used to show this is related
to the following concept.

Definition 3.88: If a group G contains subgroups G,, Gy, ..., G, such

n

that
o Gy={el;
o G, =G;

e G,_;<4G;;and

e G,/G,_; is abelian,
then G is a solvable group. The chain of subgroups G, ..., G, is called a
normal series.

Example 3.89:  Any finite abelian group G is solvable: let Gy = {e} and G; = G. Subgroups
of an abelian group are always normal, so Gy< G,. In addition, X,Y € G,/G, implies that
X =x{e}and Y =y {e} for some x,y € G; = G. Since G is abelian,

XY = (xy){e} = (yx){e} =Y X.
A

Example 3.90:  The group D; is solvable. To see this, let =2 and G; = (p):

e By Exercise 3.59 on page 63, {e} < G,. To see that G,/ {e} is abelian, note that for any
X,Y € G,/ {e}, we can write X = x {e} and Y = y {e} for some x,y € G,. By definition
of G, we can write x = o and y = ,ob for some a,b € Z. We can then fall back on the
commutative property of addition in Z to show that

XY = (xy) fe} = 0+ fe} = o fe} = (yx) e} = Y X.

e By Exercise 3.69 on page 63 and the fact that |G,| = 3 and |G,| = 6, we know that G, <« G,.
The same exercise tells us that G,/ G, is abelian. 4

The following properties of solvable subgroups are very useful in a branch of algebra called
Galois Theory.

Theorem 3.91:  Every quotient group of a solvable group is solvable.

PROOF: Let G be a group and A< G. We need to show that G /A is solvable. Since G is solvable,
choose a normal series G, ..., G,. Let

A, ={gA:geG;}l.

We claim that the chain Ay, Ay, ..., A, likewise satisfies the definition of a solvable group.
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First, we show that A;_; <A, foreachz =1,...,n. Let X € A;; by definition, X = xA for
some x € G;. We have to show that XA; | =A,_,X. Let Y € A,_;; by definition, ¥ = yA for
some y € G;_,. Recall that G,_, «G;, so there exists y € G;_, such that xy = yx. Let ¥ = J4;
since y € G;_y, Ye A, _;. Using substitution and the definition of coset arithmetic, we have

XY =(xy)A=(Gx)A=YX €A,_X.

Since Y was arbitrary in A;_;, XA, ; € A;_;X. A similar argument shows that XA; ; 2
A;_1X, so the two are equal. Since X is an arbitrary coset of A;_; in A;, we conclude that
A;_<A;.

Second, we show that A;/A,_; is abelian. Let X,Y € A,;/A,_;. By definition, we can
write X = SA;,_jand Y = TA,_, for some §,T € A;. Again by definition, there exist s, € G,
such that § =sAand T = tA. Let U € A, _{; we can likewise write U = #A for some # € G;_;.
Since G, /G, _; is abelian, (st) G,_; = (ts) G,_y; thus, (st) u = (ts) v for some v € G,_;. By
definition, vA € A;_;. By substitution and the definition of coset arithmetic, we have
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Since X and Y were arbitrary in the quotient group A, /A;_,, we conclude that it is abelian.
We have constructed a normal series in G/ A; it follows that G /A is solvable. O

The following result is also true:
Theorem 3.92:  Every subgroup of a solvable group is solvable.

Proving it, however, is a little more difficult. We need the definition of the commutator from
Exercises 2.34 on page 29 and 3.70 on page 64.

Definition 3.93:  Let G be a group. The commutator subgroup G’ of G is
the intersection of all subgroups of G that contain [x,y] for all x,y € G.

Notice that G’ < G by definition.
Notation 3.94:  We wrote G’ as [G, G] in Exercise 3.70.

Lemma 3.95:  For any group G, G' <« G. In addition, G/ G’ is abelian.

PROOF: You showed that G’ <G in Exercise 3.70 on page 64. To show that G/ G’ is abelian,
let X,Y € G/G'. Write X = xG’ and Y = yG’ for appropriate x,y € G. By definition,
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XY = (xy) G'. Let g’ € G’; by definition, g’ = [, b] for some a,b € G. Since G’ is a group, it
is closed under the operation, so [x,y][4, 5] € G’. Let z € G’ such that [x,y] [, b] = z. Rewrite
this expression as

(x_ly_lxy> a,b]=2z = (xy)[a,b]=(yx)z.
(Multiply both sides of the equation on the left by yx.) Hence

(xy) g = (xy) [a,b] = (yx) z € (yx) G'.

Since g’ was arbitrary, (xy) G’ C (yx) G’. A similar argument shows that (xy) G’ 2 (yx) G'.
Thus
XY =(xy)G' = (yx)G' =YX,

and G/ G’ is abelian. OJ

Lemma 3.96: IfH CG,then H CG'.

PROOF: You do it! See Exercise 3.99. O

Notation 3.97:  Define G(©) = G and G() = <G(i_1)>/; that is, G') is the commutator sub-
group of GU=1),

Lemma 3.98: A group is solvable if and only if G\") = {e} for some n € N.

PROOF: (==) Suppose that G is solvable. Let G, ..., G, be a normal series for G. We claim
that G(»=1) C G,. If this claim were true, then G(n=0) C G, = {e}, and we would be done. We
proceed by induction on 7 —7 € N.

Inductive base: it n —i =0, then G~ =G =G, .

Inductive hypothesis: Assume that the assertion holds for 7 — 1.

Inductive step: By definition, G (n=it1) — (G (n—i )>/. By the inductive hypothesis, G*~%) C

G,; by Lemma3.96, (G("~9))' C G/. Hence
Gn=itl) ¢ G.. 7)
Recall from the properties of a normal series that G; / G;_ is abelian; for any x,y € G;, we have
(xy) Giy = (xGiy) (0Gioy) = (0Giy) (xGiy) = (%) Gy

By Lemma 3.28 on page 55, (yx) ™" (xy) € G,_; in other words, [x,y] = x~y~lxy € G,_,.
Since x and y were arbitrary in G;, we have G! C G,_;. Along with (7), this implies that
G(n—(i-1)) — q(rn—i+1) C Gi—l'

We have shown the claim; thus, G(") = {e} for some # € N.

1
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(<=) Suppose that G(*) = {e} for some 7 € N. We have
fe} = G <« gD ... GO = .
By Lemma 3.95, the subgroups form a normal series; that is,
fe} = G 4G 4...4G0 = ¢

and G,/ G,_, is abelian for each 7 = 1,..., 7. O
We can now prove Theorem 3.92.

PROOF OF THEOREM 3.92: Let H < G. Assume G is solvable; by Lemma 3.98, G = {e}.
By Lemma (3.96), H) C G for all n € N, so H") C {e}. By the definition of a group,
H® D {e}, so the two are equal. By the same lemma, H is solvable. O

Exercises.

Exercise 3.99:  Show that if H C G, then H' C G'.
Exercise 3.100: ~ Show that D, is solvable for all n > 3.
Exercise 3.101:  Show that Qg is solvable.

Exercise 3.102:  In the textbook God Created the Integers... the theoretical physicist Stephen
Hawking reprints, with commentary, some of the greatest mathematical results of all time. One
of the excerpts is from Evariste Galois’ Memoirs on the solvability of polynomials by radicals.
Hawking sums it up this way.

To be brief, Galois demonstrated that the general polynomial of degree 7 could be

solved by radicals if and only if every subgroup N of the group of permutations §,,

is a normal subgroup. Then he demonstrated that every subgroup of S, is normal

for all » <4 but not for any n > 5.

—p. 105

Unfortunately, Hawking’s explanation is completely wrong, and this exercise leads you towards
an explanation as to why."”
()  Find all six subgroups of S;.
(b) It is known that the general polynomial of degree 3 can be solved by radicals. According

to the quote above, what must be true about all the subgroups of §;?
(c)  Why is Hawking’s explanation of Galois’ result “obviously” wrong?

Y That said, the book is exceptionally good, and Hawking has contributed more to human understanding of the
universe than I ever will. Probably Hawking was trying to simplify what Galois actually showed, and went too
far. In fact, Galois showed that a polynomial of degree 7 could be solved by radicals if and only if a corresponding
group, now called its Galois group, was a solvable group. He then showed that the Galois group of x> + 2x + 5 was
not a solvable group.



Chapter 4:

[somorphisms

We have on occasion observed that different groups have the same Cayley table. We have
also talked about different groups having the same structure: regardless of whether a group of
order two is additive or multiplicative, its elements behave in exactly the same fashion. The
groups may look superficially different because of their elements and operations, but the “group
behavior” is identical.

As we saw in Chapter 1, algebraists describe such a relationship between two groups as iso-
morphic. Isomorphism for groups has the same intuitive meaning as isomorphism for monoids:
If two groups G and H have identical group structure,
we say that G and H are isomorphic.?

However, striking differences exist in the details. We want to study isomorphism of groups
in quite a bit of detail, so to define isomorphism precisely, we start by reconsidering another
topic that you studied in the past, functions. There we will also introduce the related notion
of homomorphism.2! This is the focus of Section 4.1. Section 4.2 lists some results that should
help convince you that the existence of an isomorphism does, in fact, show that two groups
have an identical group structure. Section 4.3 describes how we can create new isomorphisms
from a homomorphism’s kernel, a special subgroup defined by a homomorphism. Section 4.4
introduces a class of isomorphism that is important for later applications, an automorphism.

4.1: From functions to isomorphisms

Let G and H be groups. A mapping f : G — H is a function if for every input x € G the
output f (x) has precisely one value. In high school algebra, you learned that this means that f
passes the “vertical line test.” The reader might suspect at this point—one could hardly blame
you—that we are going to generalize the notion of function to something more general, just as
we generalized Z, GL,, (R), etc. to groups. To the contrary; we will specialize the notion of a
function in a way that tells us important information about the group.

We want a function that preserves the behavior of the operation between the domain G and
the range H. What does that mean? Let x,y,z € G and a,b,c € H. Suppose that f (x) = a,
f(y)=20b, f(z)=c,and xy = z. If we are to preserve the operation’s behavior:

e since xy = z,

e wewantab =c,or f (x)f(y) =/ (2).

Substituting z for xy suggests that we want the property

f ) fO) =1 (xy)-

29The word comes Greek words that mean identical shape.

2'The word comes Greek words that mean common shape. Here the shape that remains common is the effect of the
operation on the elements of the group. The function shows that the group operation behaves the same way on
elements of the range as on elements of the domain.
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Definition 4.1:  Let G,H be groups and / : G — H a function. We say
that f is a group homomorphism from G to H if it satisfies the property that

f(x)f(y)=f (xy) forevery x,y € G.

Notation 4.2:  You have to be careful with the fact that different groups have different opera-
tions. Depending on the context, the proper way to describe the homomorphism property may

be
o f(xy)=f(x)+1()
o flx+y)=f(x)f ()
o f(xoy)=f(x)Of (y)s
® ctcC

Example 4.3: A trivial example of a homomorphism, but an important one, is the identity
function ¢: G — G by ¢(g) = g for all g € G. It should be clear that this is a homomorphism,
since for all g,» € G we have

t(gh)=gh=1(g)e(g)-

For a non-trivial homomorphism, let f : Z — 2Z by f (x) = 4x. Then f is a group
homomorphism, since for any x € Z we have

f)+f(y)=4x+4y=4(x+y)=f(x+y).4

The homomorphism property should remind you of certain special functions and operations
that you have studied in Linear Algebra or Calculus. Recall from Exercise 2.26 that R™, the set
of all positive real numbers, is a multiplicative group.

Example 4.4:  Let f : (GL,, (R), %) — (RT,x) by f (A) = |detA|. An important fact from
Linear Algebra tells us that for any two square matrices A and B, detA-det B = det (AB). Thus

F(A)-f (B) = |detA|-|det B| = |det A - det B| = |det (AB)| = f (AB),

implying that f is a homomorphism of groups. 4
Let’s look at a clockwork group that we studied in the previous section.

Example 4.5: Let n € Z such that » > 1, and let f : (Z,+) — (Z,,,+) by the assignment
f (x) = [x],. We claim that f is a homomorphism. Why? From Lemma 3.78, we know that for
any X,y €Z,, [ (x +y) =[x +yl, = [x], + ], = f (x) +/ (). 4
Preserving the operation guarantees that a homomorphism tells us an enormous amount of
information about a group. If there is a homomorphism f from G to H, then elements of the
image of G,

f(G)={heH:3ge€Gsuchthat f (g) =h}

act the same way as their preimages in G.

This does not imply that the group structure is the same. In Example 4.5, for example, f
is a homomorphism from an infinite group to a finite group; even if the group operations behave
in a similar way, the groups themselves are inherently different. If we can show that the groups
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have the same “size” in addition to a similar operation, then the groups are, for all intents and
purposes, identical.

How do we decide that two groups have the same size? For finite groups, this is “easy”:
count the elements. We can’t do that for infinite groups, so we need something a little more
general 22

Definition 4.6:  Let / : G — H be a homomorphism of groups. If f is one-
to-one and onto, then f is an isomorphism and the groups G and H are iso-
morphic. 4

Notation 4.7:  1f the groups G and H are isomorphic, we write G = H.

You may not remember the definitions of one-to-one and onto, or you may not understand how
to prove them, so we provide them here as a reference, along with two examples.

Definition 4.8:  Let / : S — U be a mapping of sets.
e We say that f is one-to-one if for every a,b € S where f (a) = f (b), we
havea = b.
e We say that f is onto if for every x € U, there exists a € § such that

f(a) =x.

Another way of saying that a function f : § — U is onto is to say that f (§) = U; that is, the
image of S is all of U, or that every element of U corresponds via f to some element of §.

Example 4.9:  Recall the homomorphisms of Example 4.3,
t:G—->G by ((g)=¢ and  f:Z—>2Z by f(x)=4x.

First we show that ¢ is an isomorphism. We already know it’s a homomorphism, so we need

only show that it’s one-to-one and onto.

one-to-one:  Let g,h € G. Assume that ¢ (g) = ¢(h). By definition of ¢, g = h. Since g and »
were arbitrary in G, ¢ is one-to-one.

onto: Let g € G. We need to find x € G such that ¢ (x) = g. Using the definition of ¢,
x = g does the job. Since g was arbitrary in G, ¢ is onto.

Now we show that f is one-to-one, but not onto.

one-to-one:  Leta,b € Z. Assume that f (a) = f (b). By definition of f, 42 = 4b. Then
4(a—b) = 0; by the zero product property of the integers, 4 =0ora—5b = 0.
Since 4 # 0, we must havea —b =0, ora = b. We assumed f (2) = f (/) and
showed that @ = b. Since a and b were arbitrary, f is one-to-one.

not onto: There is no element @ € Z such that f (a) = 2. If there were, 42 = 2. The only
possible solution to this equationisa =1/2 ¢ Z. 4

Example 4.10:  Recall the homomorphism of Example 4.4,

f:GL, (R)—=R*"Y by f(A)=|detA|.

22The standard method in set theory of showing that two sets are the same “size” is to show that there exists a
one-to-one, onto function between the sets. For example, one can use this definition to show that Z and Q are the
same size, but Z and R are not. So an isomorphism is a homomorphism that also shows that two sets are the same
size.
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We claim that f is onto, but not one-to-one.
That f is not one-to-one: Observe that f maps both of the following two diagonal matrices
to 2, even though the matrices are unequal:

A= 1 and B = 1

(Unmarked entries are zeroes.)
That f is onto: Let x € R™; then f (A) = x where A is the diagonal matrix

(Again, unmarked entries are zeroes.) A

We cannot conclude from these examples that Z % 27 and that R™ 22 R”*”. Why not? In each
case, we were considering only one of (possibly many) homomorphisms. It is quite possible that
a different homomorphism would show that Z = 27 and that R™ = R”*”. You will show in
the exercises that the first assertion is in fact true, while the second 1s not.

We conclude this chapter with three important properties of homomorphisms. This
result lays the groundwork for important results in later sections, and is generally useful.

Theorem 4.11:  Let f : G — H be a homomorphism of groups. Denote the
identity of G by e, and the identity of H by ey;. Then f

preserves identities: [ (eq) = ey and

preserves inverses:  foreveryx €G, f (x 1) = f (x) 7.

Theorem 4.11 applies of course to isomorphisms as well. It should not surprise you that, if the
operation’s behavior is preserved, the identity is mapped to the identity, and inverses are mapped
to 1nverses.

PROOF: That f preserves identities: Let x € G, and y = f (x). By the property of homomor-

phisms,
ey =y = (x) =/ (egx) = f (eg) f (x) = f (eg) -

By the transitive property of equality,

ey =f (eg)y-

Multiply both sides of the equation o7 the right by y~! to obtain
e = [ (eg)-
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That f preserves inverses: Let x € G. By the property of homomorphisms and by the fact
that f preserves identity,

=1 (eg) = f (x-x7") = f () f (x7").

Thus

er :f(x)-f<x_1>.
Pay careful attention to what this equation says! Since the product of f (x) and f (x™') is the
identity, those two elements must be inverses! Hence f (x ™) is the inverse of / (x), which we

write as
FN =)

U
Corollary 4.12:  Let f : G — H be a homomorphism of groups. Then
f (x_l)_l = f (x) for every x € G.

PROOF: You do it! See Exercise 4.22. O
The following theorem is similar to the previous one, but has a different proof.
Theorem 4.13:  Let f : G — H be a homomorphism of groups. Then f preserves
powers of elements of G. That is, if f (g) = b, then f (g") = f (g)" = h".

PROOF: You do it! See Exercise 4.24. 0

Corollary 4.14:  Let f : G — H be a homomorphism of groups. If G = (g) is a
cyclic group, then f (g) determines [ completely. In other words, the image f (G)

is a cyclic group, and f (G) = (f (g))

PROOF: We have to show that two sets are equal. Recall that, since G is cyclic, for any x € G

there exists # € Z such that x = g”.

First we show that / (G) C (f (g)). Lety € f (G) and choose x € G such thaty = f (x).
Choose n € Z such that x = g”. By substitution and Theorem 4.13, y = f (x) = f (g") =
f(g)". Hencey € (f (g))- Since y was arbitrary in f (G), f (G) C (f (g))-

Now we show that / (G) 2 (f(g)). Let y € (f (g)), and choose n € Z such that
y =/ (g)". By Theorem 4.13, y = f (g"). Since g” € G, f (g") € f (G),s0y € f (G). Since
y was arbitrary in {f (g)), / (G) 2 (f (g))-

We have shown that f (G) C(f (g)) and f (G) 2 (f (g))- By equality of sets, f (G) =

(f (g)) 0

We need one last definition, related to something you should have seen in linear algebra.
It will prove important in subsequent sections and chapters.
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Definition 4.15:  Let G and H be groups, and f : G — H a homomorphism.
Let

Z=1{g€G: f(g)=ey};

that is, Z is the set of all elements of G that f maps to the identity of H. We call
Z the kernel of f, written ker f.

Theorem 4.16:  Let f : G — H be a homomorphism of groups. Then ker f < G.

PROOF: You do it! See Exercise 4.28. OJ

Exercises.

Exercise 4.17:
(@  Showthat f : Z —2Z by f (x) = 2x is an isomorphism. Hence Z = 2Z.
(b)  Show that Z = nZ for every nonzero integer 7.

Exercise 4.18:  Show that Z, is isomorphic to the group of order two from Example 2.6 on
page 23. Caution! Notice that the first group is usually written using addition, but the second
group is multiplicative. Your proof should observe these distinctions.

Exercise 4.19:  Show that Z, is isomorphic to the Boolean xor group of Exercise 2.17 on
page 27. Caution! Remember to denote the operation in the Boolean xor group correctly.

Exercise 4.20:  Show that Z is isomorphic to Z,. (Because of this, people generally don’t pay
attention to Z,.)

Exercise 4.21:  Recall the subgroup L of IR? from Exercises 3.14 on page 50, 3.32 on page 56,
and 3.64 on page 63. Show that L = R.

Exercise 4.22:  Prove Corollary 4.12.

Exercise 4.23:  Let f : G — H be an isomorphism. Isomorphisms are by definition one-to-
one functions, so f has an inverse function f~!. Show that f~!: H — G is also an isomorphism.

Exercise 4.24:  Prove Theorem 4.13.

Exercise 4.25:  Let f : G — H be a homomorphism of groups. Assume that G is abelian.
(@  Show that f (G) is abelian.
(b)  Is H abelian? Explain why or why not.

Exercise 4.26: Let f : G — H be a homomorphism of groups. Let A < G. Show that
f(A)<H.

Exercise 4.27:  Let f : G — H be a homomorphism of groups. Let A< G.
(a)  Show that f (A)<f (G).
(b) Do you think that f (A) <« H? Justify your answer.
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Exercise 4.28:  Prove Theorem 4.16.
Exercise 4.29:  Show that if G is a group, then G/ {e} = G and G/ G = {e}.

Exercise 4.30:  In Chapter 1, the definition of an isomorphism for monoids required that the
function map the identity to the identity (Definition 1.49 on page 15). By contrast, Theorem 4.11
shows that the preservation of the operation guarantees that a group homomorphism maps the
identity to the identity, so we don’t need to require this in the definition of an isomorphism for
groups (Definition 4.6).

The difference between a group and a monoid is the existence of an inverse. Use this
to show that, in a monoid, you can have a function that preserves the operation, but not the
identity. In other words, show that Theorem 4.11 is false for monoids.

4.2: Consequences of isomorphism

The purpose of this section is to show why we use the name isomorphism: if two groups
are isomorphic, then they are indistinguishable as groups. The elements of the sets are different,
and the operation may be defined differently, but as groups the two are identical. Suppose that
two groups G and H are isomorphic. We will show that
isomorphism is an equivalence relation;

G 1s abelian iff H is abelian;
G is cyclic iff H is cyclic;
every subgroup A of G corresponds to a unique subgroup A’ of H (in particular, if A is of
order 7, so is A');

e cvery normal subgroup N of G corresponds to a unique normal subgroup N’ of H;

e the quotient group G/N corresponds to a quotient group H /N’'.
All of these depend on the existence of an isomorphism f : G — H. In particular, uniqueness is
guaranteed only for any one isomorphism; if two different isomorphisms £, f” exist between G
and H, then a subgroup A of G may very well correspond to two different subgroups B and B’
of H.

Theorem 4.31:  The isomorphism is an equivalence relation. That is, = satisfies
the reflexive, symmetric, and transitive properties.

PROOF: First we show that = is reflexive. Let G be any group, and let ¢ be the identity
homomorphism from Example 4.3. We showed in Example 4.9 that ¢ is an isomorphism. Since
t:G— G, G=G. Since G was an arbitrary group, = is reflexive.

Next, we show that = is symmetric. Let G,H be groups and assume that G = H. By
definition, there exists an isomorphism f : G — H. By Exercise 4.23, f ~! is also a isomorphism.
Hence H = G.

Finally, we show that = is transitive. Let G, H,K be groups and assume that G = H and
H = K. By definition, there exist isomorphisms f : G — H and g : H —» K. Define h : G - K

by
h(x)=g(f(x)).

We claim that 5 is an isomorphism. We show each requirement in turn:
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That b is a homomorphism, let x,y € G. By definition of b, b (x-y) = g(f (x-y)).
Applying the fact that g and f are both homomorphisms,

hx-y)=g(f(x9)=g(f(x)-f()=8(f(x)-g(f () =h(x)-h(y).

Thus b is a homomorphism.
That b s one-to-one, let x,y € G and assume that b (x) = b (y). By definition of 5,

g(f () =g/ ()

Now f is an isomorphism, so by definition it is one-to-one, and by definition of one-to-one

Similarly g is an isomorphism, so x = y. Since x and y were arbitrary in G, b is one-to-one.

That b s onto, let z € K. We claim that there exists x € G such that 4 (x) = z. Since g is
an isomorphims, it is by definition onto, so there exists y € H such that g (y) = z. Since f is an
isomorphism, there exists x € G such that f (x) = y. Putting this together with the definition
of b, we see that

Since z was arbitrary in K, 5 is onto.
We have shown that / is a one-to-one, onto homorphism. Thus 5 is an isomorphism,

and G =K. O

Theorem 4.32:  Suppose that G = H as groups. Then G is abelian iff H is
abelian.

PROOF: Let f : G — H be an isomorphism. Assume that G is abelian. We must show that
H is abelian. By Exercise 4.25, f (G) is abelian. Since f is an isomorphism, and therefore onto,
f (G) = H. Hence H is abelian.

A similar argument shows that if H is abelian, so is G. Hence G is abelian iff H is. [

Theorem 4.33:  Suppose G = H as groups. Then G is cyclic iff H is cyclic.

PROOF: Let f : G — H be an isomorphism. Assume that G is cyclic. We must show that H is
cyclic; that is, we must show that every element of H is generated by a fixed element of H.
Since G is cyclic, by definition G = (g) for some g € G. Let h = f (g); then h € H. We
claim that H = (b).
Let x € H. Since f is an isomorphism, it is onto, so there exists a2 € G such that f (a) = x.
Since G is cyclic, there exists 7 € Z such that a = g”. By Theorem 4.13,

x=f(a)=/(g")=/(g)" =h".

Since x was an arbitrary element of H and x is generated by 5, all elements of H are generated
by h. Hence H = () is cyclic.
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A similar proof shows that if H is cyclic, then so is G. O

Theorem 4.34:  Suppose G = H as groups. Every subgroup A of G is isomorphic
to a subgroup B of H. Moreover, each of the following holds. :

(A)  Ais of finite order n iff B is of finite order n.

(B)  Ais normal iff B is normal.

PROOF: Let f : G — H be an isomorphism. Let A be a subgroup of G. By Exercise 4.26,
fA)<H.

First we show that f (A) is a subgroup of H. Let x,y € f (A); by definition, x = f (a)
and y = f (b) for some a,b € A. Applying properties of homomorphisms (the definition of a

homomorphism, and Theorem 4.11), we see that

xy'=f(a)f (b)) =F (ab7").

By closure, ab~! € A. So xy~! € f (A), and the Subgroup Theorem implies that f (A) < H.
Now we claim that f is one-to-one and onto from A to f (A). Onto is immediate from
the definition of f (A). The one-to-one property holds because f is one-to-one in G and A C G.
We have shown that f (A) < H and that f is one-to-one and onto from A to f (A). Hence
A= f(A).
Claim (A) follows from the fact that f is one-to-one and onto.
For claim (B), assume A< G. We want to show that B < H; that is, xB = Bx for every
x € H. Solet x € H and y € B; since [ is an isomorphism, it is onto, so / (g) =x and f (a) =y
for some g € G and some @ € A. Then

xy=f(8)f(a)=/(ga).
Since A4 G, gA = Ag, so there exists a’ € A such that ga =a’g. Let y’ = f (4’). Thus

xy=f(a'g)=/(a)f(g)=»"x.

Notice that y’ € f (A) = B, so xy = y’x € Bx.

We have shown that for arbitrary x € H and arbitrary y € B, there exists y” € B such that
xy = y'x. Hence xB C Bx. A similar argument shows that xB D Bx, so xB = Bx. This is the
definition of a normal subgroup, so B<H.

A similar argument shows that if B < H, then its preimage A = f ! (B) is normal in G,
as claimed. O

Theorem 4.35:  Suppose G = H as groups. Every quotient group of G is isomor-
phic to a quotient group of H.

We use Lemma 3.28(CE3) on page 55 on coset equality heavily in this proof; you may want to
go back and review it.
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Figure 4.1. Mappings whose domains are quotient groups might not be functions: how do we
know that f (g) = f (g)? If they’re not, then f; (X) could have two different values.

PROOF: Let f : G — H be an isomorphism. Consider an arbitrary quotient group of G defined,
by G/A, where A«G. Let B= f (A); by Theorem 4.34 B<H, so H/B is a quotient group. We
want to show that G/A= H/B.

Let f4: G/A— H/B by

4(X)=f(g)B where X =gAeG/A.

You might suspect that we only have to show that f, is a one-to-one, onto homomorphism, but
this is not true. We have to show first that f, is well-defined. What does this mean?

Let X be any coset in G/A. It is usually the case that X can have more than one rep-
resentation; that is, we can find g # g where X = gA = gA. (For example, in D; we know
that pA; = (@) As even though ¢ # p@; see Example 3.55 on page 61.) If / (g) # f (g), then

f4 (X)) would have more than one possible value, since

Ja(X)=fa(8A)=f (&) # f (8) = fa(84) = f (X).

In other words, f4 would not be a function, since at least one element of the domain (X) would
correspond to at least two elements of the range (f (g) and f (g)). See Figure 4.1. A homomor-
phism must first be a function, so if f; is not even a function, then it is not well-defined.

That f, is well-defined: Let X € G/A and consider two representations g;A and g,A of

X. Then
Ja(gid)=f(&)B and fy(&A4)=/(&)B.

We must show that the cosets /4 (g;) B and f, (g,) B are equal in H/B. By hypothesis, g;A =
gA. Lemma 3.28(CE3) implies that g lg, € A. Recall that f (A) = B; this implies that

f (gz_ 1g1) € B. The homomorphism property implies that
F&) fg)=r(g")f(g)=r (g a)eB.
Lemma 3.28(CE3) again implies that / (g,) B = f (g,) B. In other words,

fa(X)=f(g)B=f()B
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so there is no ambiguity in the definition of £ as to the image of X in H/B; the function is

well-defined.
That f, is a homomorphism: Let X,Y € G/A and write X = g/A and Y = gA for
appropriate g;, g, € G. Now

fa(XY) = f4((84) - (&4))
=Jfa (818 A)
=/ (81&)B
=(f(&)f(&))-B
=f(g)A" - f(&)B
= fa(814) - fa (&4)
= fa(X)-fa(Y)

where each equality is justified by (respectively) the definitions of X and Y'; the definition of coset
multiplication in G/A; the definition of f4; the homomorphism property of f’; the definition
of coset multiplication in H /B; the definition of f,; and the definitions of X and Y. The chain

of equalities shows clearly that £, is a homomorphism.
That f, is one-to-one: Let X, Y € G/A and assume that f, (X) = f4(Y). Let g;,2, € G
such that X = g;A and Y = g,A. The definition of f, implies that

f(g)B=/fa(X)=/fa(Y)=[(2)B,

so by Lemma 3.28(CE3) f (g,) " f (g;) € B. Recall that B = f (A), so there exists 2 € A such
that £ (2) = £ (g,) " f (g;)- The homomorphism property implies that

F@)=f(g") () =1 (& a)-
Recall that f is an isomorphism, hence one-to-one. The definition of one-to-one implies that
g le =acA
Applying Lemma 3.28(CE3) again gives us g;A = g,A, and
X=gA=gA=Y.

We took arbitrary X,Y € G/A and showed that if f, (X) = f, (Y), then X =Y. It follows that
f4 1s one-to-one.
That f, is onto: You do it! See Exercise 4.36. O

Exercises.

Exercise 4.36:  Show that the function £, defined in the proof of Theorem 4.35 is onto.



3. The Isomorphism Theorem 83

Exercise 4.37:  Recall from Exercise 2.56 on page 42 that (i) is a cyclic group of Q.

(@)  Show that (i) = Z, by giving an explicit isomorphism.

(b)  Let A be a proper subgroup of (i). Find the corresponding subgroup of Z,.

(c)  Use the proof of Theorem 4.35 to determine the quotient group of Z, to which (i) /A is
isomorphic.

Exercise 4.38:  Recall from Exercise 4.21 on page 77 that the set
L= {x ER?: x= (a,a) ElaE]R}

defined in Exercise 3.14 on page 50 is isomorphic to R.

(a) Show that Z«IR.

(b)  Give the precise definition of R/Z.

(c)  Explain why we can think of R/ Z as the set of classes [2] such that 2 € [0,1). Choose one
such [a] and describe the elements of this class.

(d)  Find the subgroup H of L that corresponds to Z < R. What do this section’s theorems
imply that you can conclude about H and L/ H?

(¢)  Usethe homomorphism f, defined in the proof of Theorem 4.35 to find the images f, (Z)
and f; (m+Z).

(f)  Use the answer to (c) to describe L/ H intuitively. Choose an element of L/ H and describe
the elements of this class.

4.3: The Isomorphism Theorem

In this section, we identify an important relationship between a subgroup A < G that has
a special relationship to a homomorphism, and the image of the quotient group f (G/A). First,
an example.

Example 4.39:  Recall 4; = {¢, 0, p*} <D; from Example 3.55. We saw that D;/A; has only

two elements, so it must be isomorphic to the group of two elements. First we show this explic-

itly: Let u: D3 /A3 — Z, by
0, X=A;;
N(X):{ ’

1, otherwise.

Is u a homomorphism? Recall that A; is the identity element of D5 /A5, so for any X € D;/A;

p(X-Ay) = p(X)=u(X)+0=pu(X)+u(4;).

This verifies the homomorphism property for all products in the Cayley table of D5 /A except
(@A3) - (pAsz), which is easy to check:

p((p43) (pA;3)) = u(43) =0=14+1=u(pA;) + u(p4;).

Hence u is a homomorphism. The property of isomorphism follows from the facts that
o u(A;) # u(pA;),so u is one-to-one, and
e both 0 and 1 have preimages, so u is onto.
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Notice further that ker u = A;.
Something subtle is at work here. Let f : D; — Z, by

f(x) _ {O, x €As;

1, otherwise.

Is f a homomorphism? The elements of A; are ¢, o, and /02; f maps these elements to zero, and
the other three elements of D; to 1. Let x,y € D5 and consider the various cases:

Casel. x,y €A;.
Since Aj is a group, closure implies that xy € A;. Thus

f(xy)=0=0+0=f(x)+f (7).

Casel. x€Ajandy¢As;.

Since A; is a group, closure implies that xy & A;. (Otherwise xy = z for some z € 43,
and multiplication by the inverse implies that y = x =1z € A5, a contradiction.) Thus

flxy)=1=0+1=f(x)+/f (7).

Case 1. x&Ajandy €As;.
An argument similar to the case above shows that f (xy) = f (x)+ f ().
Case 1. x,y € A;.
Inspection of the Cayley table of D5 (Exercise 2.41 on page 35) shows that xy € A;.

Hence
fxy)=0=1+1=f(x)+f(y).

We have shown that f is a homomorphism from D; to Z,. Again, ker f = A;.
In addition, consider the function 7 : D; — D5 /A; by

n(x) = A;, x €A
@A;, otherwise.

It is easy to show that this is a homomorphism; we do so presently.

Now comes the important observation: Look at the composition function 7o u whose
domain is D5 and whose range is Z,:

(uon)(e) =pu(n()=p(A;)=0;
(uon)(p)=u(n(p)) =u(4;) =0
(uon) (p) =u(n(p?)) = 1 (45) =0
(uon)(¢) =wu(n(p)) =uleds) =1
(uon) (pg) =u(n(ep)) = u(pds) =1
(uon) (p%¢) =1 (n(e%0)) = u(p4s) =1
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We have
0, x€As;

1, otherwise,

or in other words

pon=f.4

This remarkable correspondence can make it easier to study quotient groups G/ A:
e find a group H that is “easy” to work with; and
e find a homomorphism f : G — H such that
o f(g)=eytorall g€A,and
o f(g)#eyforall g &A.
If we can do this, then H = G /A, and as we saw in Section 4.2 studying G /A is equivalent to
studying H.

The reverse is also true: suppose that a group G and its quotient groups are relatively
easy to study, whereas another group H is difficult. The isomorphism theorem helps us identify
a quotient group G /A that is isomorphic to H, making it easier to study.

We need to formalize this observation in a theorem, but first we have to confirm some-
thing that we claimed earlier:

Lemma 4.40:  Let G be a group and A« G. The functionn: G — G /A by

is a homomorphism.

PROOF: You do it! See Exercise 4.43. O

Definition 4.41: ~ We call the homomorphism 7 of Lemma 4.40 the natural
homomorphism.

Recall the definition of a kernel (Theorem 4.16 on page 77). We can use this to formalize the
observation of Example 4.39.

Theorem 4.42 (The Isomorphism Theorem):  Let G and H be groups, and
A4G. Let n: G — G/ A be the natural homomorphism. If there exists a homomor-
phism [ : G — H such that [ is onto and ker f = A, then G/A = H. Moreover,
the isomorphism u: G /A — H satisfies f = uon.

We can illustrate Theorem 4.42 by the following diagram:

GX /H

G/A

The idea is that “the diagram commutes”, or f = uon.
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PROOF: We are given G,H, A, and 7. Assume that there exists a homomorphism f : G - H
such that ker f = A. Define u: G/A — H in the following way:

u(X)=71(g), where X = gA.

We claim that y is an isomorphism from G /A to H, and moreover that / = uon.

Since the domain of u consists of cosets which may have different representations, we
must show first that y is well-defined. Suppose that X € G/A has two representations X =
gA = g’A where g,g’ € G and g # g’. We need to show that u(gA) = u(g’A). From
Lemma 3.28(CE3), we know that g=!g’ € A, so there exists « € A such that g7!g’ = 4, so
g’ = ga. Applying the definition of u and the homomorphism property,

u(gA)=1(g) =1 (ga)=1(g)f (a).

Recall thata € A =ker f, so f (a) = ey;. Substitution gives

u(g'A)=1f(g)-en=/,(g)=u(gA).

Hence u (g'A) = u(gA) and u (X) is well-defined.
Is ¢ a homomorphism? Let X,Y € G/A; we can represent X = gA and Y = g’A for
some g, g’ € G. Applying the homomorphism property of f, we see that

p(XY)=u((gA)(g'4) = ((¢e)A) =1 (g¢) =f (&) f (§) = u(gA) 1 (g'A).

Thus y is a homomorphism.

Is 4 one-to-one? Let X,Y € G/A and assume that u (X) = u(Y). Represent X = gA
and Y = g’A for some g, g’ € G; by the homomorphism property of f, we see that

f(g7'e)=F(g7") 7 (g)
=/ ()" f (g
= u(gA) ™ 1 (g'A)

=p(X) " u(Y)
— (V) (Y
e,

so g~ lg’ €ker f. It is given that ker f = A, so g7'g’ € A. Lemma 3.28(CE3) now tells us that
gA=g'A,;s0 X =Y. Thus y is one-to-one.

Is u onto? Let h € H; we need to find an element X € G/A such that u (X) =h. Itis
given that f is onto, so there exists g € G such that f (g) = A. Then

u(gA)=1f(g)=h,

SO ( 1s onto.

We have shown that u is an isomorphism; we still have to show that / = yon, but the
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definition of u makes this trivial: for any g € G,

(uon)(g)=u(n(g))=u(gA)=1(g).

Exercises

Exercise 4.43: Prove Lemma 4.40.

Exercise 4.44:  Recall the normal subgroup L of R? from Exercises 3.14, 3.32, and 3.64 on
pages 50, 56, and 63, respectively. In Exercise 4.21 on page 77 you found an explicit isomorphism
L=R.

(@)  Use the Isomorphism Theorem to find an isomorphism R? /L = R.

(b)  Argue from this that R?/R = R.

(c)  Describe geometrically how the cosets of IR?/ L are mapped to elements of R.

Exercise 4.45:  Recall the normal subgroup (—1) of Qg from Exercises 2.33 on page 29 and 3.61

on page 63.

()  Use Lagrange’s Theorem to explain why Qg/ (—1) has order 4.

(b)  We know from Exercise 2.29 on page 28 that there are only two groups of order 4, the
Klein 4-group and the cyclic group of order 4, which we can represent by Z,. Use the
Isomorphism Theorem to determine which of these groups is isomorphic to Qg / (—1).

Exercise 4.46:  Let ¢ be a homomorphism from a finite group G to a group H. Recall from
Exercise 4.28 that ker ¢ « G. Explain why |ker¢|-|¢ (G)| = |G|. (This is sometimes called the
Homomorphism Theorem.)

4.4: Automorphisms and groups of automorphisms

In this final section of Chapter 4, we use a special kind isomorphism to build a new group.

Definition 4.47:  Let G be agroup. If / : G — G is an isomorphism, then we
call / an automorphism.*

“The word comes Greek words that mean self and shape.

An automorphism is an isomorphism whose domain and range are the same set. Thus, to show
that some function f is an automorphism, you must show first that the domain and the range
of f are the same set. Afterwards, you show that f satisfies the homomorphism property, and
then that it is both one-to-one and onto.

Example 4.48:

()  An easy automorphism for any group G is the identity isomorphism ¢(g) = g:
e its range is by definition G;
e it is a homomorphism because ¢ (g-g') =g-g' =¢(g)-¢(g');
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e it is one-to-one because ¢(g) = ¢(g’) implies (by evaluation of the function) that
g =g’;and
e it is onto because for any g € G we have ¢ (g) = g.
(b)  Anautomorphismin (Z,+) is f (x) = —x:
e its range is Z because of closure;
e it is a homomorphism because f (x +y) =—(x+y)=—x—y=f (x)+ f ();
e it is one-to-one because f (x) = f (y) implies that —x = —y, so x = y; and
e it is onto because for any x € Z we have f (—x) = x.
() Anautomorphism in Dj is f (x) = p?x p:
e its range is D3 because of closure;
e itisahomomorphism because f (xy) = p* (xy) p=p* (x-c-y) p=p*(x-p>-y) p =
(o*xp) - (p*yp) = f (x)-f (v);
e it is one-to-one because f (x) = f (y) implies that p>x o = p*yp, and multiplication
on the left by p and on the right by o? gives us x = y; and
e it is onto because for any y € Dj, choose x = pyp? and then f (x) = p? (pyp?) p =
(P°p) -7+ (p%p) =ty-t=y. 4
The automorphism of Example 4.48(c) generalizes to an important automorphism.
Recall now the conjugation of one element of a group by another, introduced in Exer-
cise 2.34 on page 29. By fixing the second element, we can turn this into a function on a group.

Definition 4.49:  Let G be a group and 2 € G. Define the function of conju-
gation by 4 to be conj, (x) =a~xa. VA

In Example 4.48(c), we had 2 = p and conj, (x) =a~!xa = p*xp.

Conjugation by a should look very similar to something you would have found useful
in Exercise 3.70 on page 64. Conjugation is in fact an important tool; in the exercises, you will
show that it can provide an alternate definition of a normal subgroup. Beyond that, conjgating a
subgroup always produces another subgroup:

Lemma 4.50:  Let G be a group, and a € G. Then conj, is an automorphism.
Moreover, for any H < G,

{conj, (h): he H} <G.

PROOF: You do it! See Exercise 4.58. O

The subgroup {conj, (b): h € H} is important enough to identify by a special name.

Definition 4.51:  Suppose H < G, and ¢ € G.  We say that
{conj, (h): h € H} is the group of conjugations of H by 4, and denote it
by Conj, (H). VA

Conjugation of a subgroup H by an arbitrary a € G is not necessarily an automorphism; there
can exist H < G and a2 € G\H such that nor have H = {conj, (h): h€ H}. (Here G\H
indicates a set difference, not the set of right cosets.) On the other hand, if H is a normal
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subgroup of G then we do have H = {conj, (h): h € H}; this property can act as an alternate
definition of a normal subgroup. You will explore this in the exercises.
Now it is time to identify the new group that we promised at the beginning of the section.

Notation 4.52:  Write Aut (G) for the set of all automorphisms of G. We typically denote
elements of Aut (G) by Greek letters (a, 3, ...), rather than Latin letters (f, g, ...).

Example 4.53:  We compute Aut(Z,). Let a € Aut(Z,) be arbitrary; what do we know
about a? By definition, its range is Z,, and by Theorem 4.11 on page 75 we know that « (0) =0.
Aside from that, we consider all the possibilities that preserve the isomorphism properties.

Recall from Theorem 3.80 on page 66 that Z, is a cyclic group; in fact Z, = (1). Corol-
lary 4.14 on page 76 tells us that (1) will tell us everything we want to know about a. So, what
can a (1) be?

Case 1.  Can we have @ (1) =0? If so, then @ (n) =0
for all n € Z,. This is not one-to-one, so we cannot
have « (1) =0.

Case2.  Can we have @ (1) = 1? Certainly o (1) =1
if @ is the identity homomorphism ¢, so we can have
a(1)=1.

Case3.  Can we have a (1) = 2? If so, then the ho-
momorphism property implies that

a(2)=a(l14+1)=a(l)+a(l)=4=0.

An automorphism must be a homomorphism, but
if (1) = 2 then « is not one-to-one: by Theo-
rem 4.11 on page 75, @ (0) = 0 = a (2)! So we can-
not have a (1) = 2.

Case4.  Can we have a (1) = 3? If so, then the ho-
momorphism property implies that

a(2)=a(14+1)
a(3)=a(2+1)

a(1)+a(1)=3+3=6=2;and
@(2)+a(l)=2+3=5=1.

In this case, a is both one-to-one and onto. We
were careful to observe the homomorphism prop-
erty when determining @, so we know that « is a
homomorphism. So we can have o (1) = 2.
We found only two possible elements of Aut (Z,): the identity automorphism and the automor-
phism determined by « (1) = 3. 4
If Aut(Z,) were a group, then the fact that it contains only two elements would imply that
Aut(Z,) = Z,. But is it a group?

Lemma 4.54:  For any group G, Aut (G) is a group under the operation of com-
position of functions.
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PROOF: Let G be any group. We show that Aut (G) satisfies each of the group properties from
Definition 2.1.

G

(G2)

(G3)

G2)

Let a,0 € Aut (G). We must show that @00 € Aut (G) as well:
e the domain and range of @ 0 @ are both G because the domain and range of both «
and @ are both G;
e a o0 is a homomorphism because for any g,g’ € G we can apply the homomor-
phism property that applies to @ and € to obtain

(200)(g-¢')=a(0(g-¢"))

=a(0(g)-0(g'))
=a(0(g))-a(0(g))
) (g)-(a00)(g");

)

e a0l isone-to-onebecause (20 0) (g) = (ao0) (g’) impliesa (6 (g)) = (0 (g'));
since @ is one-to-one we infer that 0 (g) = 6 (g’); since 8 is one-to-one we con-
clude that g = g’; and

e a o0 is onto because for any z € G,

o  is onto, so there exists y € G such that @ (y) = z, and

o 0 is onto, so there exists x € G such that 8 (x) =y, so

o (aol)(x)=a(f(x))=a(y) =2z
We have shown that @ o 0 satisfies the properties of an automorphism; hence, o8 €
Aut (G), and Aut (G) is closed under the composition of functions.
The associative property is sastisfied because the operation is composition of functions,
which is associative.
Denote by ¢ the identity homomorphism; that is, ¢ (g) = g for all g € G. We showed in
Example 4.48(a) that ¢ is an automorphism, so ¢ € Aut (G). Let f € Aut (G); we claim
thatcof = for=f. Let x € G and write f (x) =y. We have

(cof)(x)=c(f () =c(y)=y=/(x),

and likewise (f o¢) (x) = f (x). Since x was arbitrary in G, we have co f = for= f.
Let @ € Aut (G). Since a is an automorphism, it is an isomorphism. You showed in
Exercise 4.23 that a~! is also an isomorphism. The domain and range of @ are both G,
so the domain and range of a~! are also both G. Hence 2~! € Aut (G).

oQ
—

H

Since Aut (G) is a group, we can compute Aut (Aut (G)). In the exercises you will

compute Aut (G) for some other groups.

Exercises.

Exercise 4.55:  Show that f (x) = x? is an automorphism on the group (R™, x), but not on
the group (R, +).

Exercise 4.56:  We consider G = A; and H = D;.
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(@)  List the elements of Conj, (4;).

(b)  List the elements of Conj,, (4;).

(c) In both (a) and (b), we saw that Conj, (A;) = A; for a = p,¢. This makes sense, since
A; <4 Dj5. Find a subgroup K of D5 and an element 2 € D5 where .

Exercise 4.57:  Let H = (i) < Qg. List the elements of Conj; (H).

Exercise 4.58:  Prove Lemma 4.50 on page 88 in two parts:
(@)  Show first that conj g is an automorphism.
(b)  Show that {conj, (h): h € H} isa group.

Exercise 4.59:  Determine the automorphism group of Zs.
Exercise 4.60:  Determine the automorphism group of D;.

Exercise 4.61:  Let G be a group, g € G, and H < G. Write g7 'Hg = {conjg (h): h EH}.
Show that H « G iff for every g € G we have H = g7'Hg.



Chapter 5:

Groups of permutations

This chapter introduces groups of permutations, a fundamental object of study in group
theory. Section 5.2 introduces you to groups of permutations, but to get there you must first
pass through Section 5.1, which tells you what a permutation is. Sections 5.3 and 5.5 introduce
you to two special classes of groups of permutation. The main goal of this chapter is to show that
groups of permutations are, in some sense, “all there is” to group theory, which we accomplish
in Section 5.4. We conclude with a great example of an application of symmetry groups in
Section 5.6.

5.1: Permutations

Certain applications of mathematics involve the rearrangement of a list of 7 elements. It
is common to refer to such rearrangements as permutations.

Definition 5.1: A list is a sequence. Let V' be any finite list. A permutation
is a one-to-one function whose domain and range are both V. 4

We require V to be a list rather than a set because for a permutation, the order of the elements
matters: the lists (a,d,k,7) # (a,k,d,r) even though {a,d,k,r} = {a,k,d, r}. For the sake of
convenience, we usually write V' as a list of natural numbers between 1 and | V|, but it can be
any finite list.

Example 5.2:  Let S = (a,d,k, 7). Define a permutation on the elements of S by

r, X=a;
a, x=d;

f(x)= box— ks
d, x=

Notice that f is one-to-one, and f (S) = (r,a,k,d).
We can represent the same permutation on V = (1,2,3,4), a generic list of four elements.
Define a permutation on the elements of V' by

2, 1=1;

) 4, 1=2;
(1) =

() 3, 1=3;

1, 1=4.

Here 7 is one-to-one, and 7 () = j is interpreted as “the jth element of the permuted list is the
ith element of the original list.” You could visualize this as
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position in original list z position in permuted list ;
1 — 2
2 — 4
3 — 3
4 — 1
Thus 7 (V) = (4,1,3,2). If you look back at f (§), you will see that in fact the first element of
the permuted list, f (§), is the fourth element of the original list, S. 4

Permutations have a convenient property.

Lemma 5.3:  The composition of two permutations is a permutation.

PROOF: Let V be aset of 7 elements, and o, 8 permutations of V. Let y = a0 8. We claim that
y is a permutation. To show this, we must show that y is a one-to-one function whose domain
and range are both V. From the definition of « and /3, it follows that the domain and range of y
are both V/; it remains to show that y is one-to-one. Let x,y € V and assume that y (x) =y (y);

by definition of y,
a(B(x)) =a(B(r))-

Because they are permutations, @ and (3 are one-to-one functions. Since « is one-to-one, we can
simplify the above equation to
B(x)=B0);

and since [ is one-to-one, we can simplify the above equation to

x=1.

Hence ¥ is a one-to-one function. We already explained why its domain and range are both V/,
SO y 1s a permutation. H

In Example 5.2, we wrote a permutation as a piecewise function. This is burdensome; we
would like a more efficient way to denote permutations.

Notation 5.4:  The tabular notation for a permutation on a list of 7 elements is a 2 X 7 matrix

< 1 2 - n >

a =

al az LY an

indicating that @ (1) = ay, @ (2) = @y, ..., (n) = a,,. Again, @ (z) = j indicates that the jth
element of the permuted list is the zth element of the original list.

Example 5.5:  Recall V and 7 from Example 5.2. In tabular notation,

/1234
T=\2431
because £ moves

e the element in the first position to the second;
e the element in the second position to the fourth;
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e the element in the third position nowhere; and
e the element in the fourth position to the first.
Then
7(1,2,3,4) = (4,1,3,2).

Notice that the tabular notation for 7 looks similar to the table in Example 5.2.
We can also use 7 to permute different lists, so long as the new lists have four elements:

7'5(3,2, 1,4) - (453) 1)2)5
77,'(2,4,3,1) = (1,2,3,4);
7w(a,b,c,d) = (d,a,c,b).4

Permutations are frequently used to anyalyze problems that involves lists. Indeed they are used so
frequently that even the tabular notation is considered burdensome; we need a simpler notation.

Definition 5.6: A cycle is a vector
a=(a;a; - a,)

that corresponds to the permutation where the entry in position ; is moved
to position @,; the entry in position @, is moved to position @, ... and the
element in position @, is moved to position ;. If a position is not listed in 2,
then the entry in that position is not moved. We call such positions stationary.
For the identity cycle where no entry is moved, we write

c=(1).4

The fact that the permutation @ moves the entry in position «,, to position @ is the reason that
this is called a cycle; applying it repeatedly cycles the list of elements around, and on the nth
application the list returns to its original order.

Example 5.7:  Recall 7z from Example 5.5. In tabular notation,

1234
= .
2431
To write it as a cycle, we can start with any position we like. However, the convention is to start
with the smallest position that changes. Since 7w moves elements out of position 1, we start with

= (1?).

The second entry in cycle notation tells us where 7 moves the element whose position is that
of the first entry. The first entry indicates position 1. From the tabular notation, we see that 7
moves the element in position 1 to position 2, so

r=(127).
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The third entry of cycle notation tells us where 7= moves the element whose position is that of
the second entry. The second entry indicates position 2. From the tabular notation, we see that
7t moves the element in position 2 to position 4, so

T=(1247).

The fourth entry of cycle notation tells us where 7© moves the element whose position is that of
the third entry. The third element indicates position 4. From the tabular notation, we see that
7t moves the element in position 4 to position 1, so you might feel the temptation to write

m=(1241?),
but there is no need. Since we have now returned to the first element in the cycle, we close it:
n=(124).

The cycle (12 4), indicates that

e the element in position 1 of a list moves to the position 2;

e the element in position 2 of a list moves to position 4;

e the element in position 4 of a list moves to position 1.
What about the element in position 3? Since it doesn’t appear in the cycle notation, it must be
stationary. This agrees with what we wrote in the piecewise and tabular notations for 7. 4

Not all permutations can be written as one cycle.

Example 5.8:  Consider the permutation in tabular notation

(1234
T\ \2143)
We can easily start the cycle with @ = (12), and this captures the behavior on the elements in

the first and second positions of a list, but what about the third and fourth? 4

To solve this temporary difficulty, we develop a simple arithmetic of cycles. On what operation
shall we develop an arithmetic? Cycles represent permutations; permutations are one-to-one
functions; functions can be composed. Hence the operation is composition.

Example 5.9:  Consider the cycles
B=(234) and y=(124).

What is the cycle notation for
Boy=1(234)0(124)?

We can answer this by considering an example list; let V' = (1,2,3,4) and compute (Boy) (V).
Since (Boy) (x) = (1 (x)), first we apply 7

y(V)=(413,2),
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followed by S:
By (V) =(42,1,3).
Thus
e the element in position 1 eventually moved to position 3;
e the element in position 3 eventually moved to position 4;
e the element in position 4 eventually moved to position 1;
e the element in position 2 did not move.
In cycle notation, we write this as

Boy=(134).4
Another phenomenon occurs when each permutation moves elements that the other does not.

Example 5.10:  Consider the two cycles

B=(13) and y=(24).

There is no way to simplify S oy into a single cycle, because 3 operates only on the first and
third elements of a list, and y operates only on the second and fourth elements of a list. The only
way to write them is as the composition of two cycles,

/60}/:(13)0(24).41

This motivates the following.
Definition 5.11: ~ We say that two cycles are disjoint if none of their entries
are common.

Disjoint cycles enjoy an important property.

Lemma 5.12:  Let a, 8 be two disjoint cycles. Then ao 3= Soa.

PROOF: Let » € N7 be the largest entry in @ or S. Let V = (1,2,...,n). Leti € V. We
consider the following cases: O

Casel. (1) #1.
Let j = a (7). The definition of cycle notation implies that ; appears immediately after  in the
cycle a. Recall that @ and 3 are disjoint. Since 7 and j are entries of @, they cannot be entries of

[3. By definition of cycle notation, B (i) =i and 8 (j) = j. Hence
(@of) (i) =a(f(i))=a(i)=7=L()=pB(a(i))=(Boa)().

Casel. a(1)=1.
Subcase (a): B (i) = i.
We have (a0 8) (i) =i = (Boa)(i).
Subcase (b): B (1) # i.
Let j = B(z). We have

(Boa)(1)=p(a(i)=p() =]
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The definition of cycle notation implies that ; appears immediately after 7 in the cycle 5. Recall
that @ and [ are disjoint. Since j is an entry of 3, it cannot be an entry of a. By definition of
cycle notation, @ (j) = ;. Hence

(@of) (1) =a(j)=j=(Bea)(s).

PROOF: In both cases, we had (a0 ) (i) = (Boa) (7). Since i was arbitrary, a0 S = Soa. O

Notation 5.13:  Since the composition of two disjoint cycles @ o B cannot be simplified, we
normally write them consecutively, without the circle that indicates composition, for example

(12)(34).
By Lemma 5.12, we can also write this as
(34)(12).

That said, the usual convention for cycles is to write the smallest entry of a cycle first, and to
write cycles with smaller first entries before cycles with larger first entries. Thus we prefer

(14)(23)

to either of
(14)(32) or (23)(14).

The convention for writing a permutation in cycle form is the following:
1. Rotate each cycle sometimes that the first entry is the smallest entry in each cycle.
2. Simplify the permutation by computing the composition of cycles that are not disjoint.
Discard all cycles of length 1.
3. The remaining cycles will be disjoint. From Lemma 5.12, we know that they commute;
write them in order from smallest first entry to largest first entry.

Example 5.14:  We return to Example 5.8, with

(1234
*“\2143)

To write this permutation in cycle notation, we begin again with
a=(12)...2

Since « also moves entries in positions 3 and 4, we need to add a second cycle. We start with the
smallest position whose entry changes position, 3:

a=(12)(37).
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Since & moves the element in position 3 to position 4, we write
a=(12)(347).
Now o moves the element in position 4 to position 3, so we can close the second cycle:
a=(12)(34).
Now a moves no more entries, so the cycle notation is complete. 4
We have come to the main result of this section.
Theorem 5.15:  Every permutation can be written as a composition of cycles.

The proof is constructive.

PROOF: Let 7 be a permutation; denote its domain by V. Without loss of generality, we write
V=(1,2,...,n).

Let 7; be the smallest element of V' such that 7 (i;) # i;. Recall that the range of 7 has
at most 7 elements; since 7 is one-to-one, eventually 7751 (i,) = 7, for some £ < 2. Let a(!) be
the cycle (i, 7 (iy) 7 (7 (i) -+ 7* (3))).

At this point, either every element of V that is not stationary with respect to 7 appears
in o), or it does not. If there is some i, € V such that 7, is not stationary with respect to 7
and i, & a(1), then generate the cycle a®) by <i2 7 (iy) 7 (m(iy)) -+ b (i2)> where as before
mttl(i,) = i,

Repeat this process until every non-stationary element of V' corresponds to a cycle, gen-
erating o) alm) for non-stationary i & o) o(2), i, & a2 503) and so on until
i, ¢a(1),...,a(’”—1).

The remainder of the proof consists of two claims.

Claim 1: «¥) and /) are disjoint for any i < ;.

Suppose to the contrary that there exists an integer 7 such that » € ¢¥) and » € a(/).
By definition, the next entry of both @(?) and /) is 7 (7). The subsequent entry of both is
7 (7 (r)), and so forth. This cycles through both (*) and o) until we reach 7* (7) = r for
some A€ N. Hence a'?) = o/), But this contradicts the choice of the first element of @(/) as an
element of V that did not appear in a(?).

Claim 2: w = aWa?)...o07),

Leti € V. If (i) = i, then by definition /) (i) = i forall j = 1,2,..., m. Otherwise,
i appears in al/) for some j = 1,2,...,m. By definition, a\/) (i) = 7 (i). By Claim 1, both i
and 7 (2) appear in only one of the a. Hence
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We have shown that
<a(1)a(2) ...a(m)> (i) =m(i).
Since 7 is arbitrary, 7 = @V 0a(? 0---0a("). That is, 7 is a composition of cycles. Since 7 was

arbitrary, every permutation is a composition of cycles. O

Example 5.16:  Consider the permutation

aV = (17)
2\?) = (254)
2 = (68).

Notice that a(V), @(?), and «®) are disjoint. In addition, the only element of V = (1,2,...,8)
that does not appear in an @ is 3, because 7t (3) = 3. Inspection verifies that

7=aDa@s06) 4

We conclude with some examples of simplifying the composition of permutations.

Example 5.17:  Let « = (13)(24) and 8 = (1324). Notice that @ # [3; check this on
V =(1,2,3,4) if this isn’t clear. In addition, a and [ are not disjoint.
1. We compute the cycle notation for y = o o 3. We start with the smallest entry moved by
either @ or 3:
r=(17).
The notation a o 3 means to apply [ first, then a. What does S do with the entry in
position 1? It moves it to position 3. Subsequently, @ moves the entry in position 3 back
to the entry in position 1. The next entry in the first cycle of y should thus be 1, but that’s
also the first entry in the cycle, so we close the cycle. So far, we have

y=(1)...2

We aren’t finished, since @ and 3 also move other entries around. The next smallest entry
moved by either ¢ or 3 is 2, so

y=(1)(27).
Now [ moves the entry in position 2 to the entry in position 4, and & moves the entry in

position 4 to the entry in position 2. The next entry in the second cycle of y should thus
be 2, but that’s also the first entry in the second cycle, so we close the cycle. So far, we
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have
y=1(1)(2)...?
Next, B moves the entry in position 3, so

r=(1232).

Where does 8 move the entry in position 3? To the entry in position 2. Subsequently, a
moves the entry in position 2 to the entry in position 4. We now have

y=(1)(2)(347).

You can probably guess that 4, as the largest possible entry, will close the cycle, but to be
safe we’ll check: 3 moves the entry in position 4 to the entry in position 1, and @ moves
the entry in position 1 to the entry in position 3. The next entry of the third cycle will
be 3, but this is also the first entry of the third cycle, so we close the third cycle and

y=(1)(2)(34).
Finally, we simplify ¥ by not writing cycles of length 1, so
y=(34).

Hence
((13)(24))0(1324)=(34).

. Now we compute the cycle notation for o @, but with less detail. Again we start with 1,

which o moves to 3, and 3 then moves to 2. So we start with

IBOCZZ(lZ?).

Next, @ moves 2 to 4, and 8 moves 4 to 1. This closes the first cycle:

ﬁoa:(lz)...?

We start the next cycle with position 3: @ moves it to position 1, which S moves back to
position 3. This generates a length-one cycle, so there is no need to add anything. Likewise,
the element in position 4 is also stable under 3 o a. Hence we need write no more cycles;

lﬁoaz(lZ).

. Let’s look also at B oy where y = (14). We start with 1, which ¥ moves to 4, and then 8

moves to 1. Since 8oy moves 1 to itself, we don’t have to write 1 in the cycle. The next
smallest number that appears is 2: y doesn’t move it, and 5 moves 2 to 4. We start with

Boy=(247?).
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Next, ¥ moves 4 to 1, and  moves 1 to 3. This adds another element to the cycle:

ﬁoy:(243?).

We already know that 1 won’t appear in the cycle, so you might guess that we should not
close the cycle. To be certain, we consider what S oy does to 3: y doesn’t move it, and 3
moves 3 to 2. The cycle is now complete:

Boy=(243).4
Exercises.
Exercise 5.18:  For the permutation
(123456
\152463)°

(@) Evaluate 2 (1,2,3,4,5,6).
(b)  Evaluate @ (1,5,2,4,6,3).
(¢)  Evaluate 2 (6,3,5,2,1,4).
(d)  Write « in cycle notation.
(e)  Write a as a piecewise function.

Exercise 5.19:  For the permutation
a=(1342),

(@)  Evaluate 2 (1,2,3,4).

(b)  Evaluate @ (1,4,3,2).

(¢)  Evaluate 2 (3,1,4,2).

(d)  Write « in tabular notation.

(e)  Write « as a piecewise function.

Exercise 5.20: Leta = (1234), 5= (1432),and y = (13). Compute ao 3, a0y, Boy,
Boa,yoa,yof3,a% B2 and y?. (Here a* = a0 a.) What are the inverses of @, 3, and y?

(1234
“\3142
2 .3

compute @, @”, ... until you reach the identity permutation.

Exercise 5.21:  For

5.2: Groups of permutations

In Section 5.1 we introduced permutations. For 7 > 2, denote by §,, the set of all permu-
tations of a list of 7 elements. In this section we show that §,, is a group for all » > 2.
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Example 5.22:  For n = 2,3 we have

S =1{(1),(12)}
S, =1(1),(12),(13),(23),(123),(132)}.4

How large is each §,,? To answer this, we must count the number of permutations of 7 elements.
A counting argument called the multiplication principle shows that there are

n'=n-(n—-1)-(n-2)---3-2-1

such permutations. Why? Given any list of 7 elements,
e we have 7 positions to move the first element, including its current position;
e we have n — 1 positions to move the second element, since the first element has already
taken one spot;
e we have n —2 positions to move the third element, since the first and second elements have
already take two spots;
® ctc.
Thus |§,| = n!.
We explained in Section 5.1 that any permutation is really a one-to-one function; natu-
rally, one can ask whether the set of all permutations on 7 elements behaves as a group under
the operation of composition of functions.

Theorem 5.23:  Foralln>2(S,,0) isa group.

Notation 5.24:  Normally we just write S, understanding from context that the operation is
composition of functions. It is common to refer to S, as the symmetric group of 7 elements.

PROOF: Let 7 > 2. We have to show that S, satisfies (G1)-(G4) under the operation of compo-

sition of functions:

(G1):  For closure, we must show that the composition of two permutations is a permutation.
This is precisely Lemma 5.3 on page 93.

(G2):  The associative property follows from the fact that permutations are functions, and
functions are associative.

(G3):  The identity function ¢ such that ¢ (x) = x for all x € {1,2,..., 7} is also the identity of
§,, under composition: for any o € §,, and for any x € {1,2,...,7} we have

(coa)(x) =c(a(x)) =a(x);

since x was arbitrary, coa = @. A similar argument shows that ot = a.
(G4):  Every one-to-one function has an inverse function, so every element of §,, has an inverse
element under composition.

0

Exercises.
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@) b)

Figure 5.1. Rotation and reflection of an equilateral triangle centered at the origin

Exercise 5.25:  Show that all the elements of S5 can be written as compositions of of the cycles

a=(123)and 8 =(23).

Exercise 5.26:  For a and 3 as defined in Exercise 5.25, show that Soa = a?0 3. (Notice that
a, B €S, forall n > 2, so as a consequence of this exercise S,, is not abelian for 7 > 2.)

Exercise 5.27:  Write the Cayley table for S;.

Exercise 5.28:  Show that D; = §; by showing that the function f : D; — §; by f (lo“ ik > =

a* 3% is an isomorphism.
Exercise 5.29: How many elements are there of §,? List them all using cycle notation.

Exercise 5.30:  Compute the cyclic subgroup of S, generated by @ = (13 4 2). Compare your
answer to that of Exercise 5.21.

Exercise 5.31:  Leta= (a; @, - @,,) €S,. (Note m < n.) Show that we can write 2~ ! as

/3:<a1 Xy Xyp—1 " a2>‘

For example, if @ = (2356),a~ ! = (2635).

5.3: Dihedral groups

In Section 2.2 we studied the symmetries of a triangle; we represented the group as the
products of matrices p and ¢, derived from the symmetries of rotation and reflection about the
y-axis. Figure 5.1, a copy of Figure 2.1 on page 30, shows how p and ¢ correspond to the
symmetries of an equilateral triangle centered at the origin. In Exercises 5.25-5.28 you showed
that D5 and §; are isomorphic.

We can develop matrices to reflect the symmetries of a regular n-sided polygon as well
(the regular 7-gon), motivating the definition of the set D, of symmetries of the 7-gon.
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Definition 5.32:  The dihedral set D, is the set of symmetries of a regular
polygon with 7 sides.

Is D, always a group?

Theorem 5.33:  Let n € N and n > 3. Then (D
ments, called the dibedral group.

,1,0) 15 a group with 2n ele-

The proof of Theorem 5.33 depends on the following proposition, which we accept without
proof. We could prove it using an argument from matrices as in Section 2.2, but proving it
requires more energy than is appropriate for this section.

Proposition 5.34: Al the symmetries of a regular n-sided polygon can be gener-
ated by a composition of a power of the rotation p of angle 27t/ n and a power of
the flip @ across the y-axis. In addition, 9> = p" = (the identity symmetry) and

vp=p"""¢.

PROOF OF THEOREM 5.33: We must show that properties (G1)-(G#4) are satisfied.

(G1):  Closure follows from Proposition 5.34.

(G2):  The associative property follows from the fact that permutations are functions, and the
associative property applies to functions.

(G3):  Certainly there exists an identity element ¢ € D,, which corresponds to the identity
symmetry where no vertex is moved.

(G4): It is obvious that the inverse of a symmetry of the regular 7-gon is also a symmetry of
the regular 7-gon.

It remains to show that D,, has 27 elements. From the properties of o and ¢ in Proposition 5.34,

all other symmetries are combinations of these two, which means that all symmetries are of the

form p?¢? for some a € {0,...,n — 1} and b € {0,1}. Since ? = p” =, 4 can have # values and

b can have 2 values. Hence there are 27 possible elements altogether. O

We have two goals in introducing the dihedral group: first, to give you another concrete
and interesting group; and second, to serve as a bridge to Section 5.4. The next example starts
starts us in that directions.

Example 5.35:  Another way to represent the elements of Dj is to consider how they re-
arrange the vertices of the triangle. We can represent the vertices of a triangle as the list V =
(1,2,3). Application of p to the triangle moves
e vertex 1 to vertex 2;
e vertex 2 to vertex 3; and
e vertex 3 to vertex 1.
This is equivalent to the permutation (12 3).
Application of ¢ to the triangle moves
e vertex 1 to itself—that 1s, vertex 1 does not move;
e vertex 2 to vertex 3; and
e vertex 3 to vertex 2.
This is equivalent to the permutation (2 3).
In the context of the symmetries of the triangle, it looks as if we can say that p = (123)
and ¢ = (23). Recall that o and ¢ generate all the symmetries of a triangle; likewise, these two
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cycles generate all the permutations of a list of three elements! (See Example 5.22 on page 102
and Exercise 2.41 on page 35.) A

We can do this with D, and S, as well.

Example 5.36:  Using the tabular notation for permutations, we identify some elements of
D,, the set of symmetries of a square. Of course we have an identity permutation

(1234
‘““\123 4
(1234
P=\2341)

We can imagine three kinds of flips: one across the y-axis,

(123 4\

P=\2143)
123 4

ﬁ_<4321>’

1234
¢_<1432>'
See Figure 5.2 on the following page. We can also imagine other diagonals; but they can be
shown to be superfluous, just as we show shortly that & and ¢ are superflulous. There may be
other symmetries of the square, but we’ll stop here for the time being.

Is it possible to write ¢ as a composition of ¢ and p? It turns out that ¢ = g o p. To show
this, we consider them as permutations of the vertices of the square, as we did with the triangle
above, rather than repeat the agony of computing the matrices of isometries as in Section 2.2.

e Geometrically, p moves (1,2,3,4) to (4,1,2,3); subsequently ¢ moves (4,1,2,3) to (1,4,3,2);
see Figure 5.3.

e We can use the tabular notation for ¢, ¢, and p to show that the composition of the
functions is the same. Starting with the list (1,2,3,4) we see from the tabular notation
above that

and a 90° rotation

one across the x-axis,

and one across a diagonal,

¢ (1,2,3,4) = (1,4,3,2).

On the other hand,
0(1,2,3,4) = (4,1,2,3).

Things get a little tricky here; we want to evaluate ¢ o o, and
(pop)(1,2,3,4)=9(p(1,2,3,4))

=¢(4,1,2,3)
=(1,4,3,2).
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Figure 5.2. Rotation and reflection of a square centered at the origin

How did we get that last step? Look back at the tabular notation for ¢: the element in the
first entry is moved to the second. In the next-to-last line above, the element in the first
entry is 4; it gets moved to the second entry in the last line:

The tabular notation for ¢ also tells us to move the element in the second entry (1) to the

first. Thus
4, 1, 2, 3

X

1, 4, 7?2, ?

Likewise, ¢ moves the element in the third entry (2) to the fourth, and vice-versa, giving
us

In both cases, we see that ¢y = ¢ 0 p. A similar argument shows that & = ¢ o0 o2, so it looks as if
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@) (®)

Figure 5.3. Rotation and reflection of a square centered at the origin

we need only ¢ and p to generate D,. The reflection and the rotation have a property similar to
that in $5:
_ 3
pop=p o9
so unless there is some symmetry of the square that cannot be described by rotation or reflection
on the y-axis, we can list all the elements of D, using a composition of some power of o after

some power of . There are four unique 90° rotations and two unique reflections on the y-axis,
implying that D, has at least eight elements:

Dy 2{up. 0% 0% 0.00:6° 0,070} -

Can D, have other elements? There are in fact |S,| = 4! = 24 possible permutations of
the vertices, but are they all symmetries of a square? Consider the permutation from (1,2,3,4)
to (2,1,3,4): in the basic square, the distance between vertices 1 and 3 is V2, but in the config-
uration (2,1,3,4) vertices 1 and 3 are adjacent on the square, so the distance between them has
diminished to 1. Meanwhile, vertices 2 and 3 are no longer adjacent, so the distance between
them has increased from 1 to +/2. Since the distances between points on the square was not
preserved, the permutation described, which we can write in tabular notation as

1234
213 4)°
is not an element of D,. The same can be shown for the other fifteen permutations of four

elements.
Hence D, has eight elements, making it smaller than S, which has 4! = 24. 4



108 5. Groups of permutations

Corollary 5.37:  Forany n >3 D, is isomorphic to a subgroup of S,,. If n =3,
then Dy = S; itself.

PROOF: You already proved that D5 = §; in Exercise 5.28. O

Exercises.

Exercise 5.38:  Write all eight elements of D, in cycle notation.

Exercise 5.39:  Construct the composition table of D,. Compare this result to that of Exer-
cise 2.33.

Exercise 5.40:  Show that the symmetries of any 7-gon can be described as a power of p and
@, where ¢ is a flip about the y-axis and p is a rotation of 27t/ radians.

5.4: Cayley’s Theorem

The mathematician Arthur Cayley discovered a lovely fact about the permutation groups.

Theorem 5.41 (Cayley’s Theorem):  Every group of order n is isomorphic to a
subgroup of S,,.
We’re going to give an example before we give the proof. Hopefully the example will help explain
how the proof of the theorem works.

Example 5.42:  Consider the Klein 4-group; this group has four elements, so Cayley’s Theo-
rem tells us that it must be isomorphic to a subgroup of S,. We will build the isomorphism by

looking at the multiplication table for the Klein 4-group:
X|e|al|b|ab

elelalblab

alal|e|ab|b
b |b|ab| e | a
ablab| b |a|e
To find a permutation appropriate to each element, we’ll do the following. First, we label

each element with a certain number:

e e~ 1,
a2,
b e 3,

ab «~s 4.

We will use this along with tabular notation to determine the isomorphism. Define a map f
from the Klein 4-group to S, by

1 2 3 4
f(x)—<é(x-e) ((x-a) £(xb) Z(x-ab)>’ ®)
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where £ () is the label that corresponds to y.

Sometimes, the right choice of notation makes things easier to read, and this is one
example. Again, / maps an element g of the Klein 4-group to a permutation f (x) = o of
S;. Any permutation of S, is a one-to-one function on a list of 4 elements, say (1,2,3,4). If

=(12)(34), then o (2) = 1. Since 0 = f (x), we can likewise say that (f (x)) (2) = 1. This

double-evaluation is hard to look at, so we adopt the following notation to emphasize that f (x)

is a function:
f(x)=f

It’s much easier now to look at £, (2) =1.
First let’s compute f,:

The first entry has the value £ (a-¢) = a) =2, telhng us that

ﬂz( 2)

The next entry has the value £ (a-a) ={ (a®) ={ (e) = 1, telling us that

123 4
f;:<21??>‘

The third entry has the value £ (a- b) = ¢ (ab) = 4, telling us that

12 3 4
=(3137):

The final entry has the value £ (a-ab) = ¢ (a?b) ={ (b) = 3, telling us that

123 4
fﬂ_<2143>'

So applying the formula in equation (8) definitely gives us a permutation.

In fact, we could have filled out the bottom row of the permutation by looking above at
the multiplication table for the Klein 4-group, locating the row for the multiples of a (the second
row of the multiplication table), and filling in the labels for the entries in that row! Doing this
or applying equation (8) to the other elements of the Klein 4-group tells us that

)
:)
)

=
I
VRS
(ST
W RN NN
N W = W W W
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We now have a subset of S;; written in cycle notation, it is

W= esJas Jos Jav}
={(1),(12)(34),(13) (24),(14) (23)}.

Verifying that W is a group, and therefore a subgroup of S, is straightforward; you will
do so in the homework. What we need to ensure is that f is indeed an isomorphism. Inspection
shows that f is one-to-one and onto; the hard part is the homomorphism property. We will use
a little cleverness for this. Let x,y in the Klein 4-group.

e Recall that £, f,, and fxy are permutations, and by definition one-to-one, onto functions
on a list of four elements.

e Notice that ¢ is also a one-to-one function, and it has an inverse.

e Let m € (1,2,3,4). For any z in the Klein 4-group, ¢ (z) = m if we listed z as the mth
entry of the group. Thus £~ (m) indicates the element of the Klein four-group that is
labeled by m. For instance, £~ (b) = 3.

e Since f, is a permutation of a list of four elements, we can look at £, (m) as the place
where £, moves m.

e By definition, £, moves m to £ (z) where z = x - £~ (m); that is,

fo(m) =€ (xt™" (m)).

Similar statement holds for how f, and f,,, move m.
e Applying these facts, we observe that

=L (-t (m))

=/ <x-€_1 (( (y-f_l(m)»)
=/ (x-(y-(‘l(m)»

=/ <xy-€_1 (m))

= fay (m).

° ance m was arbltr;ilry in :{1,2, 3,4},. fxy and f, o fy are identical functions.
e Since x,y were arbitrary in the.Klem. 4—gc?r1.1p, fey = ity o .
We conclude that f is a homomorphism; since it is one-to-one and onto, f is an isomorphism.

4

You should read through Example 5.42 carefully two or three times, and make sure you under-
stand it, since in the homework you will construct a similar isomorphism for a different group,
and also because we do the same thing now in the proof of Cayley’s Theorem.

PROOF OF CAYLEY’S THEOREM: Let G be a finite group of 7 elements. Label the elements in
any order G = {g;,,,...,¢,} and for any x € G denote ¢ (x) = i such that x = g,. Define a
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relation

f:G—=S, by f(g) <€(g-g1) ((g-g) - Z(g-gn)>'

As we explained in Example 5.42 for the Klein 4-group, this assigns to each g € G the permuta-
tion that, in tabular notation, has the labels for each entry in the row corresponding to g of the
Cayley table for G. By this fact we know that f is one-to-one and onto (see also Theorem 2.10
on page 25). The proof that f is a homomorphism is identical to the proof for Example 5.42:
nothing in that argument required x, y, or z to be elements of the Klein 4-group; the proof was
for a general group! Hence f is an isomorphism, and G = f (G) < §,,. O

What's so remarkable about this result? One way of looking at it is the following: since
every finite group is isomorphic to a subgroup of a group of permutations, everything you need to
know about finite groups can be learned from studying the groups of permutations! A more flippant
summary is that the theory of finite groups is all about studying how to rearrange lists.

In theory, I could go back and rewrite these notes, introducing the reader first to lists,
then to permutations, then to $,, to S3, to the subgroups of S, that correspond to the cyclic group
of order 4 and the Klein 4-group, and so forth, making no reference to these other groups, nor
to the dihedral group, nor to any other finite group that we have studied. But it is more natural
to think in terms other than permutations (geometry for D,, is helpful); and it can be tedious to
work only with permutations. While Cayley’s Theorem has its uses, it does not suggest that we
should always consider groups of permutations in place of the more natural representations.

Exercises.

Exercise 5.43:  In Example 5.42 we found W, a subgroup of S, that is isomorphic to the Klein
4-group. It turns out that W < D, as well. Draw the geometric representations for each element
of W, using a square and writing labels in the appropriate places, as we did in Figures 2.1 on
page 30 and 5.2.

Exercise 5.44:  Apply Cayley’s Theorem to find a subgroup of S, that is isomorphic to Z,.
Werite the permutations in both tabular and cycle notations.

Exercise 5.45:  The subgroup of S, that you identified in Exercise 5.44 is also a subgroup of
D,. Draw the geometric representations for each element of this subgroup, using a square and
writing labels in the appropriate places.

Exercise 5.46:  Since $; has six elements, we know it is isomorphic to a subgroup of §;. In
fact, it can be isomorphic to more than one subgroup; Cayley’s Theorem tells us only that it is
isomorphic to at least one. Identify one such subgroup without using the isomorphism used in
the proof of Cayley’s Theorem.

5.5: Alternating groups
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A special kind of group of permutations, with very important implications for later top-
ics, are the alternating groups. To define them, we need to study permutations a little more
closely, in particular the cycle notation.

Definition 5.47:  Let n € INT. An n-cycle is a permutation that can be writ-
ten as one cycle with 7 entries. A transposition is a 2-cycle.

Example 5.48:  The permutation (123) € S5 is a 3-cycle. The permutation (23) € S5 is a
transposition. The permutation (13)(24) € S, cannot be written as only one n-cycle for any
n € NT: it is the composition of two disjoint transpositions, and any cycle must move 1 to 3,
so it would start as (13 ?). If we fill in the blank with anything besides 1, we have a different
permutation. So we must close the cycle before noting that 2 moves to 4. 4

Remark 5.49:  Notice that any transposition is its own inverse. Why? Consider the product
(i 7) (i 7): every element in a list is stationary except the zth and jth elements. The rightmost
(2 7) swaps these two, and the leftmost (z ;) swaps them back. Hence (i j) (i ) = (1).

Thanks to 1-cycles, any permutation can be written with many different numbers of cycles: for

example,
(123) = (123) (1) = (123) (1) (3) = (123) (1) (3) (1) = --

In addition, a neat trick allows us to write every permutation as a composition of transpositions.

Example 5.50:  (123)=(13)(12). Also
(14823)=(13)(12)(18)(14).
Also (1) =(12)(12). 4

Lemma 5.51:  Any permutation can be written as a composition of transposi-
tioms.

PROOF: You do it! See Exercise 5.62. O

Remark 5.52:  Given an expression of ¢ as a product of transpositions, say o = 7+~ T, it is

clear from Remark 5.49 that we can write 0~ =, --- 7, because

(Tl'”Tn) (Tn”'Tl) = (Tl "'Tn—1> (TnTn) (Tn—l'”T1>

= (Tl...fn_l>( 1 ) (Tn—l'“Tl>

= (1).
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At this point it is worth looking at Example 5.50 and the discussion before it. Can we write
(1 2 3 ) with many different numbers of transpositions? Yes:

(123) = (13)(12)
= (13)(12) (23) (2
=(13)(12)(13)(

Notice something special about the representation of (123). No matter how you write it, it
always has an even number of transpositions. By contrast, consider

(23)=(23)(23)(23)
=(23)(12)(13)(13)(12) =---.

No matter how you write it, you always represent (2 3) with an odd number of transpositions.
Is this always the case?

Theorem 5.53: Leta €S,

o If a can be written as the composition of an even number of transpositions,
then it cannot be written as the composition of an odd number of transposi-
tions.

o If a can be written as the composition of an odd number of transpositions,
then it cannot be written as the composition of an even number of transposi-
tions.

PROOF: Suppose that @ € §,,. Consider the polynomials

§= 1_[ <xi_xj) and g, := H <xa(i)_xa(i)>'

1<i<j<n 1<i<j<n

Sometimes g = g,; for example,if = (1 3 2 ) then

g = (x1—x) (x; —x3) (%, — x3)

and

8 = (3= x1) (x5 —x7) (1 —x3) = [(=1) (¢ = x3)] [(=1) (k3 = x3)] (x1 —=x2) = g.  (9)

Is it always the case that g, = g? Not necessarily: if e = (1 2 ) then g = x; —x, and g, =
Xy =X 7 g

Failing this, can we write g, in terms of g? Try the following. If  (z) < @ (j), then the
binomial x, ;) — x,(;) appears in g, so we’ll leave it alone. (An example would be (x; —x,) in
equation (9).) Otherwise (i) > a () and the binomial x, ;) — x, ;) does not appear in g. (An
example would be (x3 — x;) in equation (9).) However, the binomial x, ;) —x,(;) does appear in

g, so rewrite g, by replacing x,,(;) — x,;) as [— <xa(]~) - xa(i)>] :
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Recall that @ is a one-to-one function: for each 7, x; is mapped to one unique x,;). In
addition, each binomial x; — X; in g is unique, so for each 7,7, the binomial x; — X; is mapped
to a binomial x, ;) — x,;) where the subscripts are unique; that is, in g, there is no other pair
k, ¢ such that the binomial x, ) — x, ;) has the same pair of subscripts as x, ;) — x,(;). Thus,

factoring the constant -1 multiples from the product gives us

g = (=1)""%g, (10)

where swp @ € N is an integer representing the number of swapped indices that @ provoked in
the binomials of g.

It is important to note we made no assumptions about how a was written when deriving
equation (10). We worked only with what o actually does. Thus, equation (10) remains true 7o
matter what a “looks like” in a representation by transpositions.

We claim that if o is a transposition ( &£ ¢ ), then g, = —g. To see this, notice that
the only factors of g, that are different from the factors of g are the x; —x; such that i > ; but
a (1) < (7). For that to happen, it must be that £ < i < j < {. (For example, if @ = (24)
and 7 = 5, then the factors of g that swap signs are x, —x3, x, — x4, x3 — x4, which x; —x; and
x; — x5 remain stationary.) Thus the factors of g that change are

X ™ X+ 10Xk T X200 X T X1
Yot1 7 X0 X2 = X5 -+ X1 — X4
Xp — Xy

Counting them, we see that 2 (¢ —k — 1) + 1 factors of g change. Henceswpa =2({ —k—1)+
1, which is odd, and g, = —g as claimed.

With that in mind, consider two different representations of @ by transpositions. If the
first representation has an even number of transpositions, say @ = 7 --- T,,, then we can deter-
mine g, by applying each 7 one after the other. We see that swp a =swp 7, + - +swp 1,,, an
even sum of odd numbers, which is even. Hence g, = g. If the second representation had an
odd number of transpositions, then swp @ would be an odd sum of odd numbers, and g, = —g.
However, we pointed out in the previous paragraph that the value of g, depends on the permuta-
tion , not on its representation by transpositions. Since g is non-zero, it is impossible that g, = ¢
and g, = —g. It follows that both representations must have the same number of transpositions.

The statement of the theorem follows: if we can write @ as a product of an even (resp.
odd) number of transpositions, then it cannot be written as the product of an odd (resp. even)
number of transpositions. O

So Lemma (5.51) tells us that any permutation can be written as a composition of trans-
positions, and Theorem 5.53 tells us that for any given permutation, this number is always either
an even or odd number of transpositions. This relationship merits a definition.

Definition 5.54:  If a permutation can be written with an even number of
permutations, then we say that the permutation is even. Otherwise, we say that
the permutation is odd.
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Example 5.55:  The permutation p = (12 3) € S; is even, since as we saw earlier o = (13) (12).
So is the permutation ¢ = (1) = (12) (12).
The permutation ¢ = (2 3) is odd. 4

At this point we are ready to define a new group.

Definition 5.56: Letn € NT andn >2. Let A, = {2 €S,: aiseven}. We
call A, the set of alternating permutations.

Remark 5.57:  Although A5 is not the same as “A;” in Example 3.55 on page 61, the two are
isomorphic because Dj = §;.

Theorem 5.58:  Forall n>2, A, is a group under the operation of composition
of functions.

PROOF: Let » > 2, and let x,y € A, . By the definition of A,,, we can write x = 0, -+ 0,,, and

m
y =Ty Ty,, where m,n € Z and each o; or T; is a transposition. From Remark 5.52,

-1

y pum Tzn LI Tl)
$O
xy T = (01 0g) (T 00 71) -
Thus xy~! can be written as a product of 2m + 27 = 2 (m + ») transpositions; in other words,
xy~! € A,. By the Subgroup Theorem, A, < S, . Thus A, is a group. O

How large is A,,, relative to §,,?

Theorem 5.59:  For any n > 2, there are half as many even permutations as
there are permutations. That is, |A,| =1S,,| /2.

PROOF: We use Lagrange’s Theorem from page 57, and show that there are two cosets of
A,<S,.

Let X € §S,/A,. Let a € §,, such that X = @A,. If @ is an even permutation, then
X =A,,. Otherwise, a is odd. Let [ be any other odd permutation. Write out the odd number
of transpositions of a1, followed by the odd number of transpositions of /3, to see that =13 is
an even permutation. Hence @13 €A, and by Lemma 3.28 on page 55 a4, = SA,,.

We have shown that any coset of A,, is either A,, itself or @A, for some odd permutation
a. Thus there are only two cosets of A, in S,: A, itself, and the coset of odd permutations. By
Lagrange’s Theorem,

Sl s, =2
|4,
and a little algebra rewrites this equation to |A,| =|S,,| /2. O

Corollary 5.60:  Foranyn>2,A,<S,,.

PROOF: You do it! See Exercise 5.65. O
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There are a number of exciting facts regarding A,, that have to wait until a later class;
in particular, A, has a pivotal effect on whether one can solve polynomial equations by radicals
(such as the quadratic formula). In comparison, the facts presented here are relatively dull.

I say that only in comparison, though. The facts presented here are quite striking in their
own right: A, is half the size of §,, and it is a normal subgroup of §,,. If I call these facts “rather
dull”, that tells you just how interesting group theory can get!

Exercises.

Exercise 5.61:  List the elements of A,, A, and A, in cycle notation.
Exercise 5.62:  Show that any permutation can be written as a product of transpositions.
Exercise 5.63:  Show that the inverse of any transposition is a transposition.

Exercise 5.64:  Show that the function swp a defined in Theorem 5.53 satisfies the property
that for any two cycles a, 8 we have (—1)°"P () — (—1)"Pe (—1)5Wpﬂ.

Exercise 5.65:  Show that forany n>2,A4,«S,,.

5.6: The 15-puzzle

The 15-puzzle is similar to a toy you probably played with as a child. It looks like a 4 x 4
square, with all the squares numbered except one. The numbering starts in the upper left and
proceeds consecutively until the lower right; the only squares that aren’t in order are the last
two, which are swapped:

1121314

516|718

9 (101112
1315|114

The challenge is to find a way to rearrange the squares so that they are in order, like so:

112134

516|718

9 (101112

131415

The only permissible moves are those where one “slides” a square left, right, above, or below the

empty square. Given the starting position above, the following moves are permissible:

11234 1]2]3 |4
50678 50678
9 [10[11]12]|°[9 [10]11
1315 | 14| [13[15]14]12

but the following moves are 7ot permissible:

1]2]3]4 1234
51678 51678
9 [10 121° 9 [1ol11[12]
131514 11| [13]14]15
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We will use groups of permutations to show that that the challenge is impossible.
How can we do this? Since the problem is one of rearranging a list of elements, it is a
problem of permutations. Every permissible move consists of transpositions 7 in S;, where:
e T=(x y ) where
o x<Yyj;
o one of x or y is the position of the empty square in the current list; and
o legal moves imply that either
* y=x+1and x ¢4Z; or
* y=x+4.

Example 5.66:  The legal moves illustrated above correspond to the transpositions
e (15 16), because square 14 was in position 15, and the empty space was in position 16:
notice that 16 = 15+ 1; and
e (12 16), because square 12 was in position 12, and the empty space was in position 16:
notice that 16 = 1244 and since [12] = [0] in Z,, [16] = [0] in Z,.
The illegal moves illustrated above correspond to the transpositions
e (11 16), because square 11 was in position 11, and the empty space was in position 16:
notice that 16 = 11+ 5; and
e (13 14), because in the original configuration, neither 13 nor 14 contains the empty

square.
Likewise ( 12 13 ) would be an illegal move in any configuration, because it crosses rows: even
thoughy =13=12+1=x+1,x =12€4Z. 4

How can we use this to show that it is impossible to solve 15-puzzle? Answering this requires
several steps. The first shows that if there is a solution, it must belong to a particular group.

Lemma 5.67:  If there is a solution to the 15-puzzle, it is a permutation o € Ay,
where A, is the alternating group.

PROOF: Any permissible move corresponds to a transposition 7 as described above. Now
any solution contains the empty square in the lower right hand corner. As a consequence, we
must have the following: For any move ( x y ), there must eventually be a corresponding move
(x" 9" ) where [x'] = [x] in Z, and [y'] = [y] in Z,. If not:

e for above-below moves, the empty square could never return to the bottom row; and

e for left-right moves, the empty square could never return to the rightmost row unless we

had some ( x y ) where [x] = [0] and [y] # [0], a contradiction.

Thus moves come in pairs, and the solution is a permutation ¢ consisting of an even number of
transpositions. By Theorem 5.53 on page 113 and Definitions 5.54 and 5.56, 0 € Ay. O

We can now show that there is no solution to the 15-puzzle.

Theorem 5.68:  The 15-puzzle has no solution.
PROOF: By way of contradiction, assume that it has a solution o. Then o € A;;. Because
Ay, is a subgroup of Sy, and hence a group in its own right, 0 ~! € A;,. Notice 0 ~lo = ¢, the

permutation which corresponds to the configuration of the solution.
Now o ~! is a permutation corresponding to the moves that change the arrangement
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112134

51678

9 101112

131415
into the arrangement

112134

51678

9 (101112

13(15| 14
which corresponds to ( 14 15 ). So regardless of the transpositions used in the representation
of 0!, the composition must simplify to o ~! = ( 14 15 ) & A, a contradiction. O

As a historical note, the 15-puzzle was developed in 1878 by an American puzzlemaker,
who promised a $1,000 reward to the first person to solve it. Most probably, the puzzlemaker
knew that no one would ever solve it: if we account for inflation, the reward would correspond
to $22,265 in 2008 dollars.??

The textbook [Lau03] contains a more general discussions of solving puzzles of this sort
using algebra.

Exercises

Exercise 5.69:  Determine which of these configurations, if any, is solvable by the same rules
as the 15-puzzle:

112134 112314 ((3|6|4]|7
51678 511016 8|12 ]12] 8
9 1012 (110|139 |7 [11]|5|15|10| 14|
131415 14 (15|12 911311

23According to the website http://www.measuringworth. com/ppowerus/result.php.



Chapter 6:
Number theory

The theory of groups was originally developed by mathematicians who were trying to
answer questions about permutations of the roots of polynomials. From such beginnings it
has grown to many applications that would seem to have little in common with the roots of
polynomials. Some of the most widely-used applications in recent decades are in number theory,
the study of properties of the integers, especially the properties of so-called “prime” numbers.

This chapter introduces several of these applications of group theory to number theory.
Section 6.1 fills some background with two of the most important tools in computational algebra
and number theory. The first is a fundamental definition; the second is a fundamental algorithm.
Both of these tools will recur throughout the chapter, and later in the notes. Section 6.2 moves
us to our first application of group theory, the Chinese Remainder Theorem, used thousands of
years ago for the task of counting the number of soldiers who survived a battle. We will use it to
explain the card trick described on page 1.

The rest of the chapter moves us toward Section 6.5, the RSA cryptographic scheme,
a major component of internet communication and commerce. In Section 3.5 you learned of
additive clockwork groups; in Section 6.3 you will learn of multiplicative clockwork groups.
These allows us to describe in Section 6.4 the theoretical foundation of RSA, Euler’s number
and Euler’s Theorem.

6.1: GCD and the Euclidean Algorithm

In grade school, you learned how to compute the greatest common divisor of two in-
tegers. For example, given the integers 36 and 210, you should be able to determine that the
greatest common divisor is 6.

Computing greatest common divisors—not only of integers, but of other objects as well—
turns out to be one of the most interesting problems in mathematics, with a large number of
important applications. Many of the concepts underlying greatest common divisors turn out to
be deeply interesting topics on their own. Because of this, we review them as well, starting with
a definition which you probably don’t expect.

Definition 6.1:  Let 7 € Nt and assume 7 > 1. We say that # is irreducible
if the only integers that divide 7 are £1 and +7.

You may read this and think, “Oh, he’s talking about prime numbers.” Yes and no. More on
that in the next section.

Example 6.2:  The integer 36 is not irreducible, because 36 = 6 x 6. The integer 7 is irre-
ducible, because the only integers that divide 7 are &1 and 7. 4

One useful aspect to irreducible integers is that, aside from %1, any integer is divisible by at least
one irreducible integer.

Theorem 6.3:  Let n € Z, n # £1. There exists at least one irreducible integer
p such that p | n.
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PROOF: Cuse 1: If n =0, then 2 is a divisor of 7, and we are done.

Case 2: Assume that » > 1. If » is not irreducible, then by definition #» = 4,5, such
that a,,b, € Z and a,, b, # £1. Without loss of generality, we may assume that 4;,b; € N
(otherwise both 4, b are negative and we can replace them with their opposites). Observe further
that a; < 7 (this is a consequence of Exercise 1.26 on page 10). If 4, is irreducible, then we are
done; otherwise, we can write a; = a,b, where a,,b, ENT and a, < 4;.

Continuing in this fashion, we build a set S = {ay,4,,...,} CINT; by the well-ordering
property of IN, § has a least element. This least element must be irreducible; otherwise, we could
add a smaller element to S. In addition, a; > 4; ; for each 7, so the least element must be the 4,
with maximal index 7; call it 2,,. Thus

n=ajby = (ayb) by == (a,b,) (by_1 b)) =a, (by,_1-by).
That 1s, a,, is an irreducible integer that divides 7.
Case 3: Assume that » < 1. Then n = — (—n); since —n > 1, there exists an irreducible
integer p such that p | (—n), say —n = g p for some g € Z. By substitution, n = —gp = (—q) p,
so p | n. O

An important topic in number theory concerns common divisors.

Definition 6.4:  Let m,n € Z. We say that d € Z is a common divisor of m
and nif d | m and d | n.

Theorem 6.5:  Let m,n € Z. There exists a unigue greatest common divisor of
m,n.

PROOF: Let D be the set of common divisors of 72,7 that are also in NT. We know that
D # 0 because 1 divides any integer. We also know that any d € D must satisfy d < min (m,n);
otherwise, the remainder from the Division Algorithm would be nonzero for at least one of
m,n. Hence D is finite, and since any two integers can be compared, we can pick a maximal

element of D, which is the greatest common divisor. O
Example 6.6:  Common divisors of 36 and 210 are 1, 2, 3, and 6. yd
One way to compute the list of common divisors is to list all possible divisors of both integers,

and identify the largest possible positive divisor. In practice, this takes a Very Long Time™,

so it would be nice to have a different method. One such method was described by the Greek
mathematician Euclid many centuries ago.

Theorem 6.7 (The Euclidean Algorithm):  Let m,n € Z. One can compute
the greatest common divisor of m,n in the following way:
1. Let s = max (m,n) and t = min (m,n).
2. Repeat the following steps until t = O:
(@) Let q be the guotient and r the remainder after dividing s by t.
(b) Assign s the current value of t.
(c) Assign t the current value of 7.

The final value of s is gcd (m, n).
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Algorithm 1. The Euclidean algorithm

1: inputs

2 m,n€ed

3: outputs

4 ged(m,n)

5: do

6:  s:=max(m,n)
7. t:=min(m,n)
8: whilez #0

9: Let g, 7 € Z be the result of dividing s by ¢
10: si=t

11: t:=r

12: return s

It is common to write algorithms in a form called pseudocode. You can see this done in Algo-
rithm 1.

Before proving that the Euclidean algorithm gives us a correct answer, let’s do an example.

Example 6.8:  We compute ged (36,210) using the Euclidean algorithm. Start by setting s =
210 and ¢ = 36. Subsequently:

1. Dividing 210 by 36 gives ¢ = 5 and r = 30. Set s = 36 and ¢ = 30.

2. Dividing 36 by 30 gives ¢ =1 and » = 6. Set s =30 and t = 6.

3. Dividing 30 by 6 givesg =5 and r =0. Set s =6 and r = 0.
Now that ¢ = 0, we stop, and conclude that ged (36,210) = s = 6. 4

When we prove that the Euclidean algorithm generates a correct answer, we will argue that it
computes gecd (72, 7) by claiming

ged (m,n) =ged(m,r)) =ged (ry,7,) =--- =ged (r/e_l,O)

where 7; is the remainder from division of the previous two integers in the chain and r;_ is the
final non-zero remainder from division. Lemma 6.9 proves this claim.

Lemma 6.9:  Let s,t € Z. Let q and r be the quotient and remainder, re-
spectively, of division of s by t, as per the Division Theorem from page 9. Then
ged (s, 1) =ged (2, 7).

PROOF: Letd = ged(s,t). First we show that d is a divisor of 7. From Definition 1.20 on
page 10, there exist a,b € Z such that s = ad and ¢ = bd. From the Division Theorem, we
know that s = g + r. Substitution gives us ad = g (bd) + r; rewriting the equation, we have

r=(a—qb)d.

Henced | r.
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Since d is a common divisor of s, ¢, and 7, it is a common divisor of ¢ and r. Now we
show that d = ged (¢, 7). Let d’ = ged (¢, 7); since d is also a common divisor of ¢ and 7, the
definition of greatest common divisor implies that d < d’. Since d’ is a common divisor of ¢
and r, Definition 1.20 again implies that there exist x,y € Z such that t = d’x and r = d’y.
Substituting into the equation s = gt + r, we have s = ¢ (d’x) +d’y; rewriting the equation,
we have

s=(qx+y)d.

So d’|s. We already knew that d’ | ¢, so d’ is a common divisor of s and .

Recall that d = ged (s, ¢ ); since d’ is also a common divisor of ¢ and r, the definition of
greatest common divisor implies that d’ < d. Earlier, we showed that d < d’. Hence d <d’ <d,
which implies that d = d’.

Substitution gives the desired conclusion: ged (s, ) = ged (¢, 7). O

We can finally prove that the Euclidean algorithm gives us a correct answer. This requires
two stages, necessary for any algorithm.

1. Termination. To prove that any algorithm provides a correct answer, you must prove that
it gives some answer. How can this be a problem? If you look at the Euclidean algorithm,
you see that one of its instructions asks us to “repeat” some steps “until + = 0.” What if ¢
never attains the value of zero? It’s conceivable that its values remain positive at all times,
or jump over zero from positive to negative values. That would mean that we never receive
any answer from the algorithm, let alone a correct one.

2. Correctness. Even if the algorithm terminates, we have to guarantee that it terminates
with the correct answer.

We will identify both stages of the proof clearly. In addition, we will refer back to the the
Division Theorem as well as the well-ordering property of the integers from Section 1.1; you
may wish to review those.

PROOF OF THE EUCLIDEAN ALGORITHM: First we show that the algorithm terminates. The
only repetition in the algorithm occurs in step 2. The first time we compute step 2(a), we com-
pute the quotient ¢ and remainder » of division of s by ¢. By the Division Theorem,

0<r<t. (11)

Denote this value of » by ;. In step 2(b) we set s to ¢, and in step 2(c) we set the value of ¢ to
ry = r. Thanks to equation (11), the value of tjey, = 7 is smaller than spey =t 14- I £ #0,
then we return to 2(a) and divide s by ¢, again obtaining a new remainder r. Denote this value
of r by r,; by the Division Theorem r, = » < ¢, so

0<r, <.

As long as we repeat step 2, we generate a set of integers R = {r,, 7,,...} CIN. The well-ordering
property of the natural numbers implies that R has a smallest element 7;; this implies in turn
that after 7 repetitions, step 2 of the algorithm must stop repeating; otherwise, we would generate
7i41 < 1;, contradicting the fact that 7; is the smallest element of R. Since step 2 of the algorithm
terminates, the algorithm itself terminates.
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Now we show that the algorithm terminates with the correct answer. If step 2 of the algo-
rithm repeated k times, then applying Lemma 6.9 repeatedly to the remainders of the divisions
gives us the chain of equalities

ged (71 Te—p) = ged (7, 7 _3)
= ged (Vk—aa V/e—4>

What is ged (74_1,7,_,)? The final division of s by ¢ is the division of 7,_; by r;_,; since the
algorithm terminates after the kth repetition, r, = 0. By Definition 1.20, r;,_; | 7,_,, making
7,1 acommon divisor of 7, _; and r,_,. No integer larger than r,_; divides 7, _;, so the greatest
common divisor of 7,_; and r,_, is 7,_;. Following the chain of equalities, we conclude that
ged (m,n) = r,_q: the Euclidean Algorithm terminates with the correct answer. O

Exercises.

Exercise 6.10:  Compute the greatest common divisor of 100 and 140 by (a) listing all divisors,
then identifying the largest; and (b) the Euclidean Algorithm.

Exercise 6.11:  Compute the greatest common divisor of 4343 and 4429 by the Euclidean Al-
gorithm.

Exercise 6.12:  In Lemma 6.9 we showed that gcd (72,7) = gcd (m, r) where 7 is the remain-
der after division of m by n. Prove the following more general statement: for all m,n,q € Z
ged (m,n) =ged(m,m —gn).

6.2: The Chinese Remainder Theorem

In this section we explain how the card trick on page 1 works. The result is based on an
old, old Chinese observation.

Theorem 6.13 (The Chinese Remainder Theorem,” simple version):  Let
m,n € Z such that gcd (m,n) = 1. Let a, B € Z. There exists a solution x € Z to
the system of linear congruences

{[x] =[a] inZ,,;
[x] = [B] in Z,;

and x| 1s unigque in Z.5; where N = mn.

“I asked Dr. Ding what the Chinese call this theorem. He looked it up in one of his books, and
told me that they call it Sun Tzu’s Theorem.
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Before giving the proof, let’s look at an example.

Example 6.14 (The card trick):  In the card trick, we took twelve cards and arranged them

e once in groups of three; and

e once in groups of four.
Each time, the player identified the column in which the mystery card lay. This gave the re-
mainders « from division by three and 3 from division by four, leading to the system of linear

congruences
{[x] = [o] in Z;
[x] = [B] in Zy;

where x is the location of the mystery card. The simple version of the Chinese Remainder
Theorem guarantees us that there is a solution for x, and that this solution is unique in Z,.
Since there are only twelve cards, the solution is unique in the game: as long as the dealer can
compute x, s/he can identify the card infallibly. 4

The reader may be thinking, “Well, and good, but knowing only the existence of a solution seems
rather pointless. T also need to know how to compute x, so that I can pinpoint the location of
the card. How does the Chinese Remainder Theorem help with that?” This emerges from the
proof. However, the proof requires us to revisit our friend, the Euclidean Algorithm.

Theorem 6.15 (The Extended Euclidean Algorithm):  Let m,n € Z. There
exist a,b € Z such that am + bn = ged (m,n). Both a and b can be found by
reverse-substituting the chain of equations obtained by the repeated division in the
Euclidean algorithm.

Example 6.16:  Recall from Example 6.8 the computation of gcd (210,36). The divisions gave
us a series of equations:

210 =5-36+ 30 (12)
36=1-30+6 (13)
30=5-6+0.

We concluded from the Euclidean Algorithm that ged (210,36) = 6. We start by rewriting the
equation 13:
36—1-30 = 6. (14)

This looks a little like what we want, but we need 210 instead of 30. Equation 12 allows us to
rewrite 30 in terms of 210 and 36:
30=210-5-36. (15)

Substituting this result into equation 14, we have
36—-1(210=5-36) =6 == 6-36+(—1)-210 =6,

We have found integers m = 6 and n = —1 such that for a = 36 and b = 210, ged (a,b) =6. 4
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PROOF OF THE EXTENDED EUCLIDEAN ALGORITHM: Look back at the proof of the Eu-
clidean algorithm to see that it computes a chain of k£ quotients {g;} and remainders {r,} such
that

m=qn+r
n=q,r+t7n
T =q3ry s

Tee3 = qb—1Th—2t Tk (16)
Te—2 = qpTh—1 1 72 (17)
Tee1 = Q17 0

and r, = ged (m,n).

Using the last equation, we can rewrite equation 17 as
Tk—2 = qpTp—1 T ged (m,n).
Solving for ged (m, n), we have
Tk—2 = G Th—1 = ged (m, 7). (18)
Now solve equation 16 for r,_; to obtain
Te—3 ~dk—1"k—2 = Thk-1-

Substitute this into equation 18 to obtain

oo =Gk (Th3 — qr_17p—_2) = ged (m, n)
(g1 +1) 1p 23— qprp_s = ged (m,n).

Proceeding in this fashion, we will exhaust the list of equations, concluding by rewriting the first
equation in the form am + bn = ged (m, n) for some integers a, b. O

This ability to write ged (7,7) as a sum of integer multiples of 7 and 7 is the key to
unlocking the Chinese Remainder Theorem. Before doing so, we need an important lemma
about numbers whose ged is 1.

Lemma 6.17:  Letd,m,n € Z. If m | nd and gcd (m,n) =1, then m | d.

PROOF: Assume that m | nd and gcd (m,n) = 1. By definition of divisibility, there exists
g € Z such that gm = nd. Use the Extended Euclidean Algorithm to choose a4, b € Z such that
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am + bn = gcd (m,n) = 1. Multiplying both sides of this equation by d, we have

(am+bn)d=1-d
amd~+b(nd)=d
adm~+b(qgm)=d

(ad+bg)m=d.

Hence m | d. O

We also need a lemma about arithmetic with clockwork groups. Lemma 3.78 on page 66
already tells you how you can add in clockwork groups; Lemma allows you to multiply in a
similar way.

We finally prove the Chinese Remainder Theorem. You should study this proof carefully,
not only to understand the theorem better, but because the proof tells you how to solve the
system.

PROOF OF THE CHINESE REMAINDER THEOREM, SIMPLE VERSION: Recall that the system

is
{[x] —[2]inZ,; and
x]=[flinZ,.

We have to prove two things: first, that a solution x exists; second, that [x] is unique in Zy;.

Existence: Because gcd (m,n) = 1, the Extended Euclidean Algorithm tells us that there
exist a,b € Z such that am + bn = 1. Rewriting this equation two different ways, we have
bn =1+ (—a)m and am = 1+ (—b)n. In terms of cosets of subgroups of Z, these two
equations tell us that bn € 1+mZ and am € 1+ nZ. In the bracket notation, [bn] = [1]
inZ,, and [am| = [1] in Z,,. By Lemmas 3.75 and 3.78 on page 66, [abn| = [a] in Z,, and
[Bam] = [B]inZ,,. Likewise, [abn| = [0] in Z,, and [Bam| = [0] in Z,,. Hence

{[abn+ﬁam] =[a]inZ,,; and
[abn+ Bam] =[B]inZ,.

Thus x = abn + Bam is a solution to the system.
Uniqueness: Suppose that there exist [x],[y] € Z, that both satisty the system. Since
[x] =[y]inZ,,, [x —y] = [0], so m | (x —y). By definition of divisibility, there exists g € Z
such that mg = (x—y). Since [x] = [y] in Z,,, [x —y] = [0], so n | (x —y). By substitution,
n | mq. By Lemma 6.17, n | q. By definition of divisibility, there exists ¢’ € Z such that g = nq’.
By substitution,
/ /
x—y=mq=mnqg =Ngq .

Hence N | (x — ), and by Lemma 3.81 [x] = [y] in Z, as desired. O

The existence part of the proof gives us an algorithm to solve problems involving the
Chinese Remainder Theorem:
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Corollary 6.18 (Chinese Remainder Theorem Algorithm, simple version):
Let m,n € Z such that gcd (m,n) = 1. Let a, 3 € Z. Write N = mn. We can
solve the system of linear congruences

{[x] —[a|inZ,;
(x] =[BlinZ,;

for [x] € Zy by the following steps:
1. Use the Extended Euclidean Algorithm to find a,b € Z such thatam + bn =
1.
2. The solution is [abn + Bam] in Zy.

PROOF: The proof follows immediately from the existence proof of Theorem 6.13. O

Example 6.19:  The algorithm of Corollary 6.18 finally explains the method of the card trick.
We have m =3, n =4, and N = 12. Suppose that the player indicates that his card is in the first
column when they are grouped by threes, and in the third column when they are grouped by
fours; then o =1 and 8 =3.

Using the Extended Euclidean Algorithm, we find that 4 = —1 and b = 1 satisfy am +
bn = 1; hence am = —3 and bn = 4. We can therefore find the mystery card by computing

x=1-4+3-(=3)=-5;
by adding 12, we obtain another representation for [x] in Z,:
[x] =[=5+12] = 7],
which implies that the player chose the 7th card. In fact, [7] = [1] in Z;, and [7] = [3] in Z,,

which agrees with the information given. 4

The Chinese Remainder Theorem can be generalized to larger systems with more than two
equations under certain circumstances.

Theorem 6.20 (Chinese Remainder Theorem on Z):  Let my, m,,...,m, €

Z and assume that gcd (ml-,mj) =1forall1<i<j<n Letay,a,,...a,€Z.

There exists a solution x € Z to the system of linear congruences

x] =lay) inZ,,;
x] =la)) inZ,,;
x] =la,linZ, ;

and x| is unique in Z; where N = mym,---m,,.



128 6. Number theory

Before we can prove this version of the Chinese Remainder Theorem, we need to make an ob-
servation of m,m,,...,m,,.

Lemma 6.21:  Let my,m,,...,m, € Z such that gcd (mi,m]-> =1forall 1<
i <j<n Foreachi =1,2,...,n define N, = N/m; where N = m;m,---m,;
that is, N; is the product of all the m’s except m,. Then gcd (m;,N,) = 1.

PROOF: We show that ged (m,N|) = 1; for i = 2,...,n the proof is similar.
Use the Extended Euclidean Algorithm to choose 4,5 € Z such that am, + bm, = 1.
Use it again to choose ¢,d € Z such that ¢m; +dm; = 1. Then

1= (amy+bmy) (cm,+dms)
= (acmy+adms+ bcm,) m;+ (bd) (myms).

Let x = ged (my, myms); the previous equation shows that x is also a divisor of 1. However, the
only divisors of 1 are £1; hence x = 1. We have shown that ged (2, m,m;) = 1.

Rewrite the equation above as 1 = a’m, + b'm,m;; notice that a’,b’ € Z. Use the
Extended Euclidean Algorithm to choose e, f € Z such that em; + fm, = 1. Then

1= (a'my+ b'mymy) (em,+ fmy)
= (d'emy+da' fmy+b'emym,)my+ (b'f) (mymymy).
An argument similar to the one above shows that ged (m2, m,mym,) = 1.

Repeating this process with each m;, we obtain ged (m, myms---m,) = 1. Since N; =
mymy---m,, we have ged (m,Ny) = 1. O

We can now prove the Chinese Remainder Theorem on Z.

PROOF OF THE CHINESE REMAINDER THEOREM ON Z.: Existence: Write N; = N /m; for
i =1,2,...,n. By Lemma 6.21, gcd (m,,N;) = 1. Use the Extended Euclidean Algorithm to
compute a;, by,a5,b,,...,a,,b, such that

YN Un

a,m,+b,N, =1.

so [a1byN,] = [4] in Z,,, . Moreover, for 1 = 2,3,..., 7 inspection of N; verifies that m; | N,
so a;b;N; = q;m for some g; € Z, implying that [a,; 5;N,] = [0]. Hence
[x] = [y 01Ny + 230Ny + - + @, b, N, |
— ]+ [0] 4+ [0

inZ,, ,as desired. A similar argument shows that [x] =[e;]inZ,, fori=2,3,...,n.
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Uniqueness: As in the previous case, let [x],[y] be two solutions to the system in Z;.
Then [x —y]=[0]inZ,, fori=1,2,...,n, implying that m; | (x —y) fori =1,2,...,n.

Since my | (x —y), the definition of divisibility implies that there exists ¢; € Z such that
X=)=mq-

Since m, | (x — ), substitution implies 72, | m,q,, and Lemma 6.17 implies that m, | ¢;.
The definition of divisibility implies that there exists ¢, € Z such that ¢, = m,q,. Substitution
implies that x —y = m m,q,.

Since m5 | (x —y), substitution implies 75 | m,m,q,. By Lemma 6.21, gcd (mm,, my) =
1, and Lemma 6.17 implies that 75 | ¢,. The definition of divisibility implies that there exists
g3 € Z such that g, = m5q;. Substitution implies that x —y = m;m,m;q;.

Continuing in this fashion, we show that x —y = m ;m,---m,q, for some g, € Z. By
substition, x —y = Ngq,,, so [x —y] = [0] in Zy;, so [x] = [y] in Z,,. That is, the solution to the
system 1s unique in Zy;. O

The algorithm to solve such systems is similar to that given for the simple version, in
that it can be obtained from the proof of existence of a solution.

Exercises

Exercise 6.22:  Solve the system of linear congruences

{[x] = [2] in Zy;
[x] =1[2] in Z,.

Express your answer so that 0 < x < 36.

Exercise 6.23:  Solve the system of linear congruences

x] =[2]inZs;
x] =[2]inZg
[x] =[2] inZ,.

Exercise 6.24:  Solve the system of linear congruences

[x] =1[33] inZ;;
[x] =[—4]inZs;
[x] =[17] in Zsg,.

This problem is a little tougher than the previous, since gcd (16,504) # 1 and ged (33,504) # 1.

Exercise 6.25:  Give directions for a similar card trick on all 52 cards, where the cards are
grouped first by 4’s, then by 13’s. Do you think this would be a practical card trick?

Exercise 6.26:  Is it possible to modify the card trick to work with only ten cards instead of
122 If so, how; if not, why not?
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Exercise 6.27:  Is it possible to modify the card trick to work with only eight cards instead of
12? If so, how; if not, why not?

Exercise 6.28:  Let m,n € Z. The Extended Euclidean Algorithm (Theorem 6.15) shows
that we can find 4,6 € Z such that am + bn = ged(m,n). It is not necessarily true that
am~+ bn = gcd(m,n) for any a,b € Z. However, we can show the following. Let § =
fam—+bn:a,beZ}, and M = SNIN. Since M is a subset of IN, the well-ordering property
of Z implies that it has a smallest element; call it d. Show that d = ged (m, 7).

6.3: Multiplicative clockwork groups

Recall that Z,, is an additive group, but not multiplicative. In this section we find a subset
of Z,, that we can turn into a multiplicative group. Before that, we need a little more number
theory.

Definition 6.29: Let p € N™ and assume p > 1. We say that p is prime if
for any two integers a, b

plab = plaorp|b.

Example 6.30: Let 2 = 68 and b = 25. It is easy to recognize that 10 divides a4 = 1700.
However, 10 divides neither @ nor b, so 10 is not a prime number.

It is also easy to recognize that 17 divides ab = 1700. Here, 17 must divide one of a or b,
because it is prime. In fact, 17 x 4 = 68 = a. 4
The definition of a prime number may surprise you, since ordinarily people think of a prime
number as being irreducible. In fact, the two are equivalent:

Theorem 6.31:  Any integer is irreducible if and only if it is prime.

PROOF: There are two parts to this proof. You will show in Exercise 6.43 that if an integer is
prime, then it is irreducible. Here we show the converse.

Let » € N and assume that #» > 1 and # is irreducible. To show that 7 is prime, we
must take arbitrary a,5 € Z and show that if #n | ab, then n | a or n | b. Therefore, leta,b € Z
and assume that 7 | ab. Without loss of generality, assume that 7 t 2; we must show that n | 4.
Since 7 {a and 7 is irreducible, the only common factors of 7 and 4 are +1; thus, ged (7,4) = 1.
By Lemma 6.17, n | b. Hence 7 is prime. ]

If the two definitions are equivalent, why would we give a different definition? It turns
out that the concepts are equivalent for the integers, but not for other sets; you will encounter
one such set later in the notes.

The following theorem is a cornerstone of Number Theory.

Theorem 6.32 (The Fundamental Theorem of Arithmetic): Let n € Z
and assume n > 1. We can write

_ 2% % a
n_pl pz ...prr

where py, Pys-.., p, are prime and a1,,,...,a, € Nsq. In addition, this repre-
sentation is unique if we order p; < py <...< p,,.
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PROOF: The proof has two parts: a proof of existence and a proof of uniqueness.

Existence: We proceed by induction on the integers larger than or equal to two.

Inductive base: If n = 2, then n is prime, and we are finished.

Inductive hypothesis: Assume that the integers 2, 3, ..., n — 1 satisty the theorem.

Inductive step: If n is prime, then we are finished. Otherwise, 7 is not prime; by Lemma 6.31,
n is not irreducible. By Lemma 6.3, there exists an irreducible integer p; such that p, | #» and
p # £1,n. Choose the largest @; € N such that pf !'| n. Use the definition of divisibility (Defini-
tion 1.20 on page 10) to find g € Z such that » = g p;. By the definition of irreducible, we know
that p; # 1, so g < n. Since p, is not negative, ¢ > 1. Thus ¢ satisfies the inductive hypothesis,

and we can write g = p,?p;* -+ p,;". Thus

n:qplzplalpzaz...pfr

as claimed.
Uniqueness: Assume that p; < p, <--- < p, and we can factor 7 as

n :plalpzaz...pfr :pf1pfzp§r
Without loss of generality, we may assume that o; < ;. It follows that

pglzp;@...p:‘r :plﬁl_alpzﬁzp3ﬁ3...pfr_

Bi

This equation implies that p{"'~*! divides the expression on the left hand side of the equation.
Since p; is irreducible, hence prime, 8, — @; > 0 implies that p; divides one of p,, p3,..., p,.
This contradicts the irreducibility of p,, ps,...,p,. Hence 8, —a; = 0. A similar argument
showsthat 3; = o, forall i = 1,2,..., r; hence the representation of 7 as a product of irreducible
integers is unique. U

To turn Z,, into a multiplicative group, we would like to define multiplication in an
“intuitive” way. By “intuitive”, we mean that we would like to say

2]-B] = [2-3] = [6] = [1].

Before we can address the questions of whether Z, can become a group under this operation,
we have to remember that cosets can have various representations, and different representations
may lead to different results: is this operation well-defined?

Lemma 6.33:  The proposed multiplication of elements of Z,, as
(4] [b] = [ab]
is well-defined.
PROOF: Let x,y € Z, and represent x = [a] = [c| and y = [b]. Then

xy=la][b] =[ab] and xy=[c][b] =[cb).
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We need to show that [ab] = [cb]. Since these are sets, we have to show that each is a subset of
the other.
By assumption, [a] = [c]; this notation means that a +nZ = ¢+ nZ. Lemma 3.28 on

page 55 tells us that 2 — ¢ € nZ. Hence a — ¢ = nt for some t € Z. Now (a —¢) b = nu where
u=theZ,s0ab—chenZ. Lemma 3.28 again tells us that [ab] = [cb] as desired, so the
proposed multiplication of elements in Z,, is well-defined. O

Example 6.34:  Recall that Z; = Z/ (5) = {[0],[1],[2],[3],[4]}. The elements of Z; are
cosets; since Z is an additive group, we were able to define easily an addition on Zj that turns it
into an additive group in its own right.

Can we also turn it into a multiplicative group? We need to identify an identity, and
inverses. Certainly [0] won’t have a multiplicative inverse, but what about Z;\ {[0]}? This gen-
erates a multiplication table that satisfies the properties of an abelian (but non-additive) group:

x|1 2 3 4
1112 3 4
212413
313142
4143 21

That is a group! We'll call it Z:.
In fact, Z = Z,; they are both the cyclic group of four elements. In Z7, however, the
nominal operation is multiplication, whereas in Z, the nominal operation is addition. 4

You might think that this trick of dropping zero and building a multiplication table always
works, but it doesn’t.

Example 6.35:  Recall that Z, = Z/ (4) = {[0],[1],[2],[3]}. Consider the set Z,\{[0]} =
{[1],12],[3]}. The multiplication table for this set is not closed because

2]- 2] = [4] = [0] ¢ Z,\ {[0]} -

The next natural question: Is any subset of Z, a multiplicative group? Try to fix the problem by
removing [2] as well. This time the multiplication table for Z,\ {[0], [2]} = {[1], [3]} works out:

That is a group! We’'ll call it Zj.
In fact, Zj = Z,; they are both the cyclic group of two elements. In Z;, however, the
operation is multiplication, whereas in Z,, the operation is addition. 4

You can determine for yourself that Z,\ {[0]} = {[1]} and Z;\ {[0]} = {[1],[2]} are also multi-
plicative groups. In this case, as in ZZ, we need remove only 0. For Z, however, we have to
remove nearly all the elements! We only get a group from Z,\ {[0], [2], [3], [4]} = {[1], [5]}-
Why do we need to remove more numbers from Z,, for some values of 7 than for others?
Aside from zero, which clearly has no inverse under the operation specified, the elements we’ve
had to remove are invariably those elements whose multiplication tries to re-introduce zero into
the group. That already seems strange: we have non-zero elements that, when multiplied by
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other non-zero elements, produce a product of zero. Here is an instance where Z,, superficially
behaves very differently from the integers. This is important enough to give a special name.

Definition 6.36:  We say that x,y € Z,, are zero divisors if xy = [0].

In other words, zero divisors are non-zero elements of Z, that violate the zero-product property
of multiplication.
Can we find a criterion to detect this?
Lemma 6.37:  Let x € Z,,, with x # [0]. The following are equivalent:
(A)  x isa zero divisor.
(B)  There exists non-zero y € Z,, such that xy = [Q].
(C)  For any representation [a] of x, ged (a,n) # 1.

PROOF: (A) is equivalent to (B) by Definition 6.37.
That (C) implies (B): If a and n share a common divisor d, use the definition of divisibility
to choose ¢ such that » = gd. Likewise choose ¢ such that a = ¢d. Then

qx =qla] = q[td].
Lemma 3.78 implies that
qltd] =[qtd] =tlqd] =t [n] = [0].

Likewise, we conclude that if y = [¢] then xy = [0].

That (B) implies (C): Let y € Z,,, and suppose that y # [0] but xy = [0]. Choose a,b € Z
such that x = [4] and y = [/]. Since xy = [0], Lemma 3.81 implies that 7 | (a5 —0), so we can
find & € Z such that ab = kn. Let p, be any irreducible number that divides 7. Then p; also
divides kn. Since kn = ab, we see that p, | ab. Since p, is irreducible, hence prime, it must
divide one of 2 or b. If it divides 4, then 4 and 7 have a common divisor p, that is not 1, and
we are done; otherwise, it divides . Use the definition of divisibility to find 74, &; € Z such that
n =n,pyand a = by py; it follows that ab; = kn,. Again, let p, be any irreducible number that
divides 7,; the same logic implies that p, divides ab,; being prime, p, must divide 4 or b,.

As long as we can find prime divisors of the 7, that divide b, but not a, we repeat this
process to find triplets (n,, by, p,), (73, b3, p3) , - .. satisfying for all 7 the properties

e ab, =kn;;and
® b_y=pibjandn;_ = p;n,.
By the well-ordering property, the set {n,7,,7,,...} has aleast element; since n > n; > n,---, we

cannot continue finding pairs indefinitely, and must terminate with the least element (7,,5,).
Observe that

b=piby=pi(p2by) == p1 (P2 (- (p,5,))) (19)

and

n=ping=py(pyny) == py(p2 (-~ (p,7m,))) -

Case 1. If n, > 1, then 7 and @ must have a common divisor that is not 1.
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Case 2. It n, = 1, then n = p,p,--- p,. By substitution into equation 19, b = nb,. By
the definition of divisibility, 7 | 5. By the definition of Z ,, y = [b] = [0]. This contradicts the
hypothesis.

Hence 7 and a share a common divisor that is not £1. O

We can now make a multiplicative group out of the set of elements of Z, that do not
violate the zero product rule.

Definition 6.38: Letn € Z, withn > 1. Let x,y € Z,, and represent x = [4]
and y = [b].
1. Define a multiplication operation on Z,, by xy = [ab].
2. Define the set Z to be the set of elements in Z,, that are neither zero nor
zero divisors. That is,

7 ={xeZ\{0}: VyeZ, xy#[0]}.

We claim that Z* is a group under multiplication. Note that while it is a subset of Z,,, it is not a
subgroup: Z,, is not a group under multiplication, and subgroups maintain the operation of the
parent group.

Theorem 6.39:  Z is an abelian group under its multiplication.

PROOF: We showed in Lemma 6.33 that the operation is well-defined. We check each of the

requirements of a group:

(G1):  Let x,y €Z’; represent x = [a] and y = [b]. By definition of Z, x and y are not zero
divisors. Assume to the contrary that xy & Z*; that would imply that xy = [0]. By
Lemma 3.81 on page 67, n divides ab, so gcd (ab,n) = n # 1. Let p be an irreducible
integer that divides 7 (p exists on account of the Fundamental Theorem of Arithmetic).
Since 7 divides ab and p divides 7, p also divides ab. Since irreducible integers are
prime, and p | ab, by definition p | a or p | b. Without loss of generality, p | a. But
now ged (a,n) > p > 1, so that 4 and 7 have a common divisor. Lemma 6.37 implies
that x = [a] is a zero divisor, but this contradicts the choice of x € Z”. As a result,
xy=l[ab]€Z.

(G2):  Letx,y,z €Z; represent x = [a], y = [b], and z = [c]. Then

x (yz) = [a] [bc] = [a(be)] = [(ab) c] = [ab] [c] = (xy) z.
(G3):  We claim that [1] is the identity of this group. Let x € Z ; represent x = [a]. Then
v[t]=[a1] = fa] = %

a similar argument shows that [1] - x = x.
We still have to show that [1] € Z”, but this is easy: ged (1,7) = 1, so Lemma 6.37 tells
us that [1] is not a zero divisor. Hence [1] € Z*.

(G4):  Let x € Z}. By definition of Z, x # 0 and x is not a zero divisor in Z,. Represent
x = [m]. Since x #0, m ¢ Z,,, so nt m. From Lemma 6.37, m and » have no common
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divisors except +1; hence ged (m,n) = 1. Using the Extended Euclidean Algorithm,
find a, b € Z such that am + bn = 1. Hence

am=1+n(-b)

Sam€€l+nZ
soam+nZ =1+n”Z
S |am] = (1]

= [a] [m] = [1]

by (respectively) the definition of the coset 1+ 7Z, Lemma 3.28 on page 55, the notation
for elements of Z,,, and the definition of multiplication in Z* given above. Let y = [a];
by substitution, the last equation becomes

yx = [1].

Recall that am + bn = 1; any common divisor of @ and 7 would divide the left hand side
of this equation, so it would also divide the right. But only 1 divide 1, so gcd (a,7) = 1.
Soy€Z,and x has an inverse in Z .

(G5)  Letx,y €Z’; represent x = [a] and y = [b]. Then

xy = lab] = [ba] = yx.

O

By removing elements that share non-trivial common divisors with 7, we have managed
to eliminate those elements that do not satisty the zero-product rule, and would break closure
by trying to re-introduce zero in the multiplication table. We have thereby created a clockwork
group for multiplication, Z* .

Example 6.40:  We look at Z7,. To find its elements, we collect the elements of Z,, that
are not zero divisors; by Lemma 6.37, those are the elements whose representations [a] satisfy

ged (a,7) # 1. Thus
Zﬂ{o = {[1] > [3] > [7] > [9]}

Theorem 6.39 tells us that Z7, is a group. Since it has four elements, it must be isomorphic to
either the Klein 4-group, or to Z,. Which is it? In this case, it’s probably easiest to look at the
multiplication table (we omit the brackets since it’s obvious the elements are in Z7):
x|113(7]9
113|719
313|917
7171119]3
2191713 |1
Notice that 371 £ 3. In the Klein 4-group, every element is its own inverse, so Z., cannot
be isomorphic to the Klein 4-group. Instead, it must be isomorphic to Z,.
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Exercises.

Exercise 6.41:  List the elements of Z; using their canonical representations, and construct its
multiplication table. Use the table to identify the inverse of each element.

Exercise 6.42:  List the elements of Z7, using their canonical representations, and construct
its multiplication table. Use the table to identify the inverse of each element.

Exercise 6.43:  Show that any prime integer p is irreducible.

6.4: Euler’s Theorem

In Section 6.3 we defined the group Z for all » € N ;. This group satisfies an impor-
tant property called Exler’s Theorem. Much of what follows is related to some work of Euler,
pronounced in a way that rhymes with “oiler”. Euler was a very influential mathematician: You
already know of Euler’s number e =lim,_, <1 + %)x ~ 2.718; Euler is well-known for contri-
butions to Calculus, Differential Equations, and to Number Theory. He was extremely prolific,
and is said to have calculated the way “ordinary” men breathe. After losing his sight in one eye,
he expressed his happiness at being only half as distracted from his work as he was before. He
sired a large number of children, and used to work with one child sitting on each knee. He is, in
short, the kind of historical figure that greatly lowers my self-esteem as a mathematician.

Definition 6.44:  Euler’s g-function is ¢ (n) = |Z’:2

Theorem 6.45 (Euler’s Theorem):  Forall x € z, x? () =1,

Proofs of Euler’s Theorem based only on Number Theory are not very easy. They aren’t partic-

ularly difficult, either: they just aren’t easy. See for example the proof on pages 18-19 of [Lau03].
On the other hand, a proof of Euler’s Theorem using algebra is trivial.

PROOF: Let x € Z7. By Corollary 3.44 to Lagrange’s Theorem, ord (x) | ’Z; | Hence ord (x) |

@ (n); use the definition of divisibility to write ¢ (7) = d - ord (x) for some d € Z. Hence

£#(n) — ydord(x) _ (xord(x)>d _qd—1

Corollary 6.46:  ForallxeZ:,x™' = x?(m)=1,

PROOF: You do it! See Exercise 6.55. O

It thus becomes an important computational question to ask, how large is this group?
For irreducible integers this is easy: if p isirreducible, ¢ (p) = p — 1. For reducible integers, it is
not so easy: using Definitions 6.44 and 6.38, ¢ () is the number of positive integers smaller than
n and sharing no common divisors with 7. Checking a few examples, no clear pattern emerges:
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7 [23 4567891011 1213 14 15
Z,[[12242646 4 104126 8

Computing ¢ (7) turns out to be quite hard for arbitrary » € N . This difficulty is what makes
the RSA algorithm secure (see Section 6.5).

One way to do it would be to factor 7 and compute all the positive integers that do not
share any common factors. For example,

28 =22.7,

so to compute ¢ (28), we could look at all the positive integers smaller than 28 that do not
have 2 or 7 as factors. However, this is unsatisfactory: it requires us to try two divisions on all
the positive integers between 2 and 28. That takes too long, and becomes even more burdensome
when dealing with large numbers. There has to be a better way! Unfortunately, no one knows
it.

One thing we can do is break 7 into its factors. Presumably, it would be easier to compute
@ (m) for these smaller integers 7, but how to recombine them?

Lemma 6.47: Let n € NT. If n = pq and ged (p,q) = 1, then ¢ (n) =
2 (p)¢(q)-

Example 6.48:  In the table above, we have ¢ (15) = 8. Notice that this satisfies
p(15) =9 (5x3)=0(5)p(3)=4x2=84

PROOF: Recall from Exercise 2.22 on page 27 that Z*p X Z; is a group; a counting argument
Z,|x\Z, :go(p)go(q).WeshowthatZ};:prZq.

Let f : Z7 — Z; X ZZ by f (la],) = ([a]p, [a]q> where [a]; denotes the congruence
class of @ in Z;. First we show that f is a homomorphism: Leta, b € VAR, then

f (la],[6),) = £ ([ab],) = ([a0],,.[ab],)
= (la], [6],.1a], 6],)

= ([al,[a],) ([21,.10],)
=/ (lal,)) f ([2],)

(where Lemma 6.33 on page 131 and the definition of the operation in Z; X Z; justify the second

shows that the size of this group is X

two equations).

It remains to show that f is one-to-one and onto. We claim that this follows from the
simple version of the Chinese Remainder Theorem, since the mapping f corresponds precisely
to the system of linear congruences

[x] = [a] in Z;;
[x] =[b] in Z;



138 6. Number theory

That f is onto follows from the fact that any such x exists in Z ; that f is one-to-one follows
from the fact that x is unique in Z .

We are not quite done; we have shown that a solution x exists in Z,,, but we must show
that more specifically x € Z”. To see that indeed x € Z, let d be any common divisor of x and
5. Let ¢ € Z such that n = ¢d. Let r be an irreducible divisor of d; then r | n. Now n = pgq, so
r | pg,so r | p or r|q. Then d shares a common divisor with p or with g. However, x € Z;
implies that ged (x, p) = 1; likewise, ged (x,q) = 1. Since d is a common divisor of x and p or
g, it must be that d = 1. Since it was an arbitrary common divisor of x and 7, ged (x,7) = 1;
hence x € Z? and f is one-to-one. O

Corollary 6.46 gives us an “easy” way to compute the inverse of any x € Z*. However, it
n

can take a long time to compute x?("), so we conclude with a brief discussion of how to compute
canonical forms of exponents in this group. We will take two steps towards a fast exponentiation
inZ.

Lemma 6.49:  Foranyn € N, [x?] = [x]|* in Z*.
n

PROOF: You do it! See Exercise 6.57 on page 140. g

Example 6.50:  In Z7, we can casily determine that [4°] = (4] = ([4]2>10 = [16]"° =
[1]'® = [1]. Notice that this is a lot faster than computing 4%° = 1099511627776 and dividing to
find the canonical form. 4

Theorem 6.51:  Let a € N and x € Z. We can compute x* in the following
way:
1. Let b be the largest integer such that 2° < a.
2. Use the Division Theorem to divide a repeatedly by 26 2b=1 2l 2044
that order; let the quotients of each division be q,, q;,_45 ..., 91> 4o
3. Writea = q,2° +q_ 12071+ -+ q,2" + ¢o2°
4. Lety=1,z=xandi=0.
5. Repeat the following until i > b:
() If q; # O then replace y with the product of y and z.
(b) Replace z with z*.
(c) Replace i with i+ 1.
This ends with x* = y.

Theorem 6.51 effectively computes the binary representation of a and uses this to square x re-
peatedly, multiplying the result only by those powers that matter for the representation. Its al-
gorithm is especially effective on computers, whose mathematics is based on binary arithmetic.
Combining it with Lemma 6.49 gives an added bonus.

Example 6.52:  Since 10 = 2> + 2!, we can compute

3 1
410 _ 4242

by following the algorithm of Theorem 6.51:



5. RSA Encryption 139

1. Wehavegq; =1,9,=0,4;=1,¢g,=0.
2. Lety=1,z=4and: =0.
3. When:=0:
(a) We do not change y because g, = 0.
(b) Put z =42 = 16.
(c) Putz=1.
4. When:=1:
(@ Puty=1-16=16.
(b) Put z = 16 = 256.
(c) Putz=2.
5. When:=2:
(a) We do not change y because ¢, =0.
(b) Put z = 256 = 65,536.
(c) Putz=3.
6. When i = 3:
(@) Puty =16-65,536 = 1,048,576.
(b) Put z = 65,536% = 4,294,967, 296.

(c) Putz=4.
We conclude that 41° = 1,048, 576. Hand computation the long way, or a half-decent calculator,
will verify this. 4

PROOF OF FAST EXPONENTIATION:

Termination: Termination follows from the fact that 4 is a finite number, and the algo-
rithm assigns to 7 the values 0, 1,..., 5 + 1 in succession.

Correctness: Since b is the largest integer such that 2t <4, q, € {0, 1}; otherwise,
2.20 <4, contradicting the choice of 4. For i = b —1,...,1,0, we have the remainder from
division by 2:+1 smaller than 27, and we immediately divide by 2% = 2/~ so that ¢; € {0,1} as

well. Hence ¢g; € {0,1} for i = 0,1,...,b and if g; # 0 then g; = 1. The algorithm therefore
2

219+1 —

multiplies z = x> to y only if ¢; # 0, which agrees with the binary representation

x4 — xq;,Zb+q;,_12b‘1+'~—|—q121+q02° .

Exercises.

Exercise 6.53:  Compute 3%

in Z using fast exponentiation. Show each step.
Exercise 6.54:  Compute 24?8 in Z; using fast exponentiation. Show each step.
Exercise 6.55:  Prove that forall x € z, xP()=1 =y =1,

Exercise 6.56:  Prove that for all x € N, if x and 7 have no common divisors, then 7 |

<x5"(”) — 1).
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Exercise 6.57:  Prove that for any » € N*, [x*] = [x]” in Z] .

6.5: RSA Encryption

From the viewpoint of practical applications, some of the most important results of
group theory and number theory are those that enable security in internet commerce. We de-
scribed this problem on page 1: when you buy something online, you usually submit some pri-
vate information, in the form either of a credit card number or a bank account number. There is
no guarantee that, as this information passes through the internet, it passes through trustworthy
computers. In fact, it is quite likely that the information sometimes passes through a computer
run by at least one ill-intentioned hacker, and possibly even organized crime. Identity theft has
emerged in the last few decades as an extremely profitable pursuit.

Given the inherent insecurity of the internet, the solution is to disguise your private
information so that disreputable snoopers cannot understand it. A common method in use
today is the RSA encryption algorithm.?* First we describe the algorithms for encryption and
decryption; afterwards we explain the ideas behind each stage, illustrating with an example;
finally we prove that it succesfully encrypts and decrypts messages.

Theorem 6.58 (RSA algorithm):  Let M be a list of positive integers obtained
by converting the letters of a message. Let p,q be two irreducible integers that satisfy
the following two criteria:
e ¢cd(p,q) =1;and
e (p—1)(qg—1)>max{m: meM}.
Let N = pq, and let e € Z; (N) where ¢ is the Euler phi-function. If we apply the
following algorithm to M:
1. Let C be a list of positive integers found by computing the canonical represen-
tation of [m¢] € Zy; for each m € M.
and subsequently apply the following algorithm to C:
1. Letd =e™! EZ;;(N)'
2. Let D be a list of positive integers found by computing the canonical represen-
tation of [cd] € Zy foreach c € C.
then D = M.

Example 6.59:  Consider the text message
ALGEBRA RULZ.
We will convert the letters to integers in the fashion that you might expect: A=1, B=2,
ey Z=26. We will also assign 0 to the space. Thus

M =(1,12,7,5,2,18,1,0,18,21,12,26) .
Let p =5 and g = 11; then N = 55. Let e = 3; note that

ged (3,9 (N)) =ged (3,9 (5)- ¢ (11)) = ged (3,4 x 10) = ged (3,40) = 1.

24RSA stands for Rivest (of MIT), Shamir (of the Weizmann Institute in Israel), and Adleman (of USC).
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We encrypt by computing m¢ for each m € M:

C= (13, 12°,7°,5°,2° 18, 1°,0%,18°,21°, 123,263>
= (1,23,13,15,8,2,1,0,2,21,23,31).

A snooper who intercepts C and tries to read it as a plain message would have several problems
trying to read it. First, it contains a number that does not fall in the range 0 and 26. If he gave
that number the symbol _, he would see
AWMOHBA BUW
which is not an obvious encryption of ALGEBRA RULZ.
The inverse of 3 € Z;,  is d = 27 (since 3 x 27 = 81 and [81] = [1] in Z},). We decrypt by
computing ¢ for each ¢ € C:

D— (127 2327 1327 1527 827 927 127 027 227 2127 3% 3127)
=(1,12,7,5,2,18,1,0,18,21,12,26)..

Trying to read this as a plain message, we have
ALGEBRA RULZ.
It does, doesn’t it?. /

A few observations are in order.
1. Usually encryption is not done letter-by-letter; instead, letters are grouped together and
converted to integers that way. For example, the first four letters of the secret message
above are

ALGE

and we can convert this to a number using any of several methods; for example
ALGE — 1x26°+12x26’+7x26+5=25,785.

In order to encrypt this, we would need larger values for p and g. We give an example of
this in the homework.

2. RSA is an example of a public-key cryprosystem. In effect that means that person A broad-
casts to the world, “Anyone who wants to send me a secret message can use the RSA
algorithm with values N = ... and e = ....” Even the snooper knows N and e!

3. If even the snooper knows N and e, what makes RSA safe? To decrypt, the snooper needs
to computed = e~ €Z* () This would be relatively easy if he knew ¢ (N), but there is

no known method of computing ¢ (N) “quickly”. If p and ¢ are small, this isn’t hard: one
simply tries to factor N and uses Lemma 6.47, which tells us that ¢ (N) = (p—1) (¢ = 1).
In practice, however, p and g are very large numbers (many digits long). There is a careful
science to choosing p and ¢ in such a way that it is hard to determine their values from N
ande.

4. It is time-consuming to perform these computations by hand; a computer algebra system
will do the trick nicely. At the end of this section, after the exercises, we list programs
that will help you perform these computations in the Sage and Maple computer algebra
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systems. The programs are:
e scramble, which accepts as input a plaintext message like “ALGEBRA RULZ” and
turns it into a list of integers;
e descramble, which accepts as input a list of integers and turns it into plaintext;
e en_de_crypt, which encrypts or decrypts a message, depending on whether you
feed it the encryption or decryption exponent.
Examples of usage:
e in Sage:
o to determine the list of integers M, type M = scramble("ALGEBRA RULZ")
o toencrypt M, type C = en_de_crypt(M,3,55)
o to decrypt C, type en_de_crypt (C,27,55)
e in Maple:
o to determine the list of integers M, type M := scramble("ALGEBRA RULZ");
o toencrypt M, type C := en_de_crypt(M,3,55);
o to decrypt C, type en_de_crypt (C,27,55) ;
Now, why does the RSA algorithm work?

PROOF OF THE RSA ALGORITHM: Let i € {1,2,...,|C|}. Let ¢ € C. By definition of C,
¢ = m® € Z}, for some m € M. We need to show that 4 = (m®)? =m.

Since ged (e, (N)) = 1, the Extended Euclidean Algorithm tells us that there exist 2, b €
Z such that

l=ae+byp(N).
Rearranging the equation, we see that
l—ae=by(N);

in other words, [1 —ae] = [0] € Z, (), so that [1] = [4] [e] € Z,, ). By definition of an inverse,
la] =[e] ' =[d] ez (N)° (Notice that we omitted the star previously, but now we include it.)

Without loss of generality, d,e > 0, which implies that 4 < 0. Let ¢ = —5. Substitution

gives us
(me)d _ med — it — ml—bgo(N) _ m1—|—cg0(N)‘

We claim that [7] IHep(N) — [m] € Zy;. This requires us to show two subclaims.
Claim 1:  [m]'t?(N) =[] €Z,.
It p | m, then [m] = [0] €Z,, and

[m]1+cga(N) _ [O]lJrcgﬂ(N) _ [O] _ [7}’2] EZP.
Otherwise, recall that p is irreducible; then ged (72, p) = 1 and by Euler’s Theorem on page 136
m]??) = 1] e Z;,.

Thus ¢
]2 Z [l []e# ) = [ <[m]¢(N)> = [m]-[1] = [m] EZ;.
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What is true for Zj; is also true in Z . since the former is a subset of the latter. Hence

(m]' v W) = [m] ez,

Clim2:  [m]'"*N) = [m]eZ,.

The argument is similar to that of the first claim.
Since [m]'T?WN) = [m] in both Z » and Z , properties of the quotient groups Z, and
Z, tell us that [mlﬂg"(N) - m} = [0] in both Z, and Z, as well. In other words, both p

and g divide m!*t?(N) — . You will show in Exercise 143 that this implies that N divides
ml—l—r:(p(N ) m.
From the fact that N divides m!T¢?(N) — . we have [m]]l\;rcgo(N)

. . . end - .
that we use canonical representations of the cosets, computing (7°)* in Z o(N) 81Ves us 7. U

= [m],. From the fact

Exercises.

Exercise 6.60:  The phrase
[574,1, 144, 1060, 1490,0,32, 1001, 574, 243, 533]

is the encryption of a message using the RSA algorithm with the numbers N = 1535 and e = 5.
You will decrypt this message.

(@)  Factor N.

(b) Compute ¢ (N).

(c)  Find the appropriate decryption exponent.

(d)  Decrypt the message.

Exercise 6.61:  In this exercise, we encrypt a phrase using more than one letter in a number.

(a)  Rewrite the phrase GOLDEN EAGLES as a list M of three positive integers, each of which
combines four consecutive letters of the phrase.

(b)  Find two prime numbers whose product is larger than the largest number you would get
from four letters.

(c)  Use those two prime numbers to compute an appropriate N and e to encrypt M using
RSA.

(d)  Find an appropriate d that will decrypt M using RSA.

(e)  Decrypt the message to verify that you did this correctly.

Exercise 6.62:  Let m, p,q € Z and suppose that gcd (p,g) = 1. Show that if p | m and g | m,
then pq | m.
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Sage programs

The following programs can be used in Sage to help make the amount of computation
involved in the exercises less burdensome:

def scramble(s):
result = []
for each in s:
if ord(each) >= ord("A") and ord(each) <= ord("Z"):
result.append(ord(each) -ord("A")+1)
else:
result.append(0)
return result

def descramble(M):
result = ""
for each in M:
if each ==
result = result + " "
else:
result = result + chr(each+ord("A") - 1)
return result

def en_de_crypt(M,p,N):
result = []
for each in M:
result.append((each~p) .mod (N))
return result
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Maple programs

The following programs can be used in Maple to help make the amount of computation
involved in the exercises less burdensome:

scramble := proc(s)
local result, each, ord;
ord := StringTools[0rd];
result := [];
for each in s do
if ord(each) >= ord("A") and ord(each) <= ord("Z") then

result := [op(result),
ord(each) - ord("A") + 1];
else
result := [op(result), 0];
end if;
end do;
return result;
end proc:
descramble := proc(M)

local result, each, char, ord;
char := StringTools[Char];
ord := StringTools[0rd];
result :="";
for each in M do

if each = 0 then

result := cat(result, " ");

else

cat(result, char(each + ord("A") - 1));

result
end if;
end do;
return result;
end proc:

en_de_crypt := proc(M,p,N)
local result, each;
result := [];
for each in M do
result := [op(result), (each”p) mod NJ;
end do;
return result;
end proc:
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Chapter 7:
Rings

Groups are simple in the following respect: a group is defined by a set and one operation.
When we studied the set of matrices R”*” as a group, for example, we considered only the
operation of addition. Likewise, when we studied Z as a group, we considered only the operation
of addition. With other groups, we studied other operations, but we only studied one operation
at a tume.

Besides adding matrices or integers, one can also multiply matrices or integers. We can
deal with multiplication independently of addition by restricting the set in certain ways—using
the subset GL,, (R), for example. In some cases, however, we want to analyze how both ad-
dition and multiplication interact in a given set. This motivates the study of a structure that
incorporates common properties of both operations.

Section 7.1 of this chapter introduces us to this structure, called a 7ing. The rest of the
chapter examines special kinds of rings. In Section 7.2 we introduce special kinds of rings that
model useful properties of Z and Q. In Section 7.3 we introduce rings of polynomials. The
Euclidean algorithm, which proved so important in chapter 6, serves as the model for a special
kind of ring described in Section 7.4.

7.1: A structure for addition and multiplication

Definition 7.1:  Let R be a set with at least two elements, and + and X two
binary operations on that set. We say that (R,+, X) is a ring if it satisfies the
following properties:
[R1)  (R,+) is an abelian group.
(R2)  Risclosed under multiplication: that is,
foralla,b €R,ab €R.
(R3) R isassociative under multiplication: that is,
foralla,b,c €R, (ab)c=a(bc).
(R4) R satisfies the distributive property of addition over multiplication: that
is,

foralla,b,c€eR,a(b+c)=ab+acand (a+b)c=ac+ bc.

Notation 7.2:  As with groups, we usually refer simply to R as a group, rather than (R, +, X).

Since (R, +) is an abelian group, the ring has an additive identity, 0. We sometimes write
Og to emphasize that it is the additive identity of a ring. Likewise, if there is a multiplicative
identity, we write 1 or 1, not e.

Notice the following:
e While the addition is guaranteed to be commutative by (R1), we have not stated that mul-
tiplication is commutative. Indeed, the first example ring below has non-commutative

multiplication.

e If R isaring and a,b € R then if there exists » € R such that ar = b or ra = b, we say
that a divides b, and that 4 is divisible by a.
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e There is no requirement that a multiplicative identity exists.
e There is no requirement that multiplicative inverses exist.
e There is no guarantee (yet) that the additive identity satisfies any properties that you re-
member from past experience: in particular, there is 7o guarantee that
o the zero-product rule holds; or even that
o Og-a=0gforanya €R.
Example 7.3:  Let R = R”*" for some positive integer 7. It turns out that R is a ring under
the usual addition and multiplication of matrices. We pass over the details, but they can be found
in any reputable linear algebra book.
We do want to emphasize the following. Let

10 00
A—<O O> and B—<o 1>.
Routine computation shows that
00
(g 5)
even though A, B # 0. Hence
We can never assume in any ring R the zero product property that

Va,b €R ab=0 = a=0orb=0. /

Likewise, the following sets with which you are long familiar are also rings:
e Z,Q, R, C under their usual addition and multiplication;
e the sets of univariate polynomials Z [x], Q [x], R [x], C [x] under their usual addition and
multiplication;
e the sets of multivariate polynomials Z [xy,...,x,], etc. under their usual addition and
multiplication.
You will study other example rings in the exercises. For now, we prove a familiar property of
the additive identity.

Proposition 7.4:  Forall r €R, v -0g =0g -7 = 0.
PROOF: Since (R,+) is an abelian group, we know that 05 40z = 0. Let » € R. By substi-
tution, 7 (Og +0g) = 7 -0g. By distribution, r -0 + 7 -0z = r-0g. Since (R, +) is an abelian
group, 7 -Og has an additive inverse; call it s. Substitution followed by the associative, inverse,
and identity properties implies that

s+ (r-0g+7-0g)=s+7r-0p

(s+7-0g)+7r-0g=s5s+7-04
Og +7-0g =0
r-0g = 0g.

A similar argument shows that 0 - 7 = 0. O

We now turn our attention to two properties that, while pleasant, are not necessary for
aring.
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Definition 7.5:  Let R be a ring. If R has a multiplicative identity 15 such
that
r-lg=1z-r=7r VreR,

we say that R is a ring with unity. (Another name for the multiplicative iden-
tity is unity.)
If R is a ring and the multiplicative operation is commutative, so that

rs=sr VYré&ER,
then we say that R is a commutative ring.

Example 7.6:  The set of matrices R”*” is a ring with unity, where the I, is the multiplica-
tive identity. However, it is not a commutative ring.

You will show in Exercise 7.8 that 2Z is a ring. It is also a commutative ring, but it is not
a ring with unity.

For a commutative ring with unity, consider Z. 4

We conclude this section by characterizing all rings with only two elements.

Example 7.7:  Let R be a ring with only two elements. There are two possible structures for
R.

Why? Since (R,+) is an abelian group, by Example 2.6 on page 23 the addition table of
R has the form

+ | Og
OR OR
a | a |0p
By Proposition 7.4, we know that the multiplication table must have the form
X |0g| a
OR OR OR
a |Op| ?

where a -a is undetermined. Nothing in the properties of a ring tell us whether a-a = 0z or
a-a = a; in fact, rings exist with both properties:
o if R =7 (see Exercise 7.9 to see that this is a ring) then 2 = [1] and 2 -a = 4; but

o if
#={(o0)=(00)) @)™

(two-by-two matrices whose entries are elements of Z)), thena-a =0 # a. 4
Exercises

Exercise 7.8:

()  Show that 2Z is a ring under the usual addition and multiplication of integers.

(b)  Show that nZ is a ring for all » € Z under the usual addition and multiplication of inte-
gers.
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Exercise 7.9:

(a) Show that Z, is a ring under the addition and multiplication of cosets defined in Sec-
tions 3.5 and 6.3.

(b)  Show that Z,, is a ring for all » € Z where n > 1, under the addition and multiplication
of cosets defined in Sections 3.5 and 6.3.

Exercise 7.10:  Let R be a ring.
(@ Show thatforall r,s €R, (—=7)s=7r(—s)=—(rs).
(b)  Suppose that R has unity. Show that —» = —14-r forall » €R.

Exercise 7.11:  Let R be a ring with unity. Show that 15 = 0y if and only if R has only one
element.

Exercise 7.12:  Consider the two possible ring structures from Example 7.7. Show that if a
ring R has only two elements, one of which is unity, then it can have only one of the structures.

Exercise 7.13:  Let R = {7, F} with the additive operation & (Boolean xor) where

FeF=F
FoeT =T
TeF=T
TeT=F

and a multiplicative operation A (Boolean and) where

FANF=F
FAT=F
TANF=F
TANT=T.

(see also Exercises 2.16 and 2.17 on page 26). Is (R, ®,A) a ring? If it is a ring, what is the zero
element?

7.2: Integral Domains and Fields

Example 7.3 illustrates an important point: not all rings satisfy properties that we might
like to take for granted. Not only does the ring of matrices illustrate that the zero product
property is not satisfied for all rings, it also demonstrates that multiplicative inverses do not
necessarily exist in all rings. Both the zero product property and multiplicative inverses are very
useful—think of Q, R, and C—so we should give them special attention.

In this section, we always assume that R is a commutative ring with unity.

Definition 7.14:  If the elements of R satisty the zero product property, then
we call R an integral domain. If on the other hand R does not satisty the zero
product property, then we call any two non-zero elements 4,5 € R such that
ab =0 zero divisors.
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Example 7.15:  Consider the ring IR**?; this is not an integral domain since

(10 (00 2%2 (00
A= (12)n= (2 ) er b an=(22).

Hence A and B are zero divisors in R**2,

Likewise, Z, Q, R, and C are integral domains. In Section 7.3 you will learn that the set
of polynomials in one or more variables over an integral domain R is also an integral domain. /
Definition 7.16:  If every non-zero element of R has a multiplicative inverse,

then we call R a field.

Example 7.17:  The rings Q, R, and C are fields.
On the other hand, define the set of fractions over R

Frac(R) := {£ P,q€R andq;éO},
q

with addition and multiplication defined in the usual way for “fractions”, and equality defined

b
y a p
—== <= aq=bp.
b q
This should remind you of Q, and for good reason. You might think as a result that Frac (R) is
a field, just as Q is, but it turns out that this is not always true: Frac (R) is not a field unless R is
an integral domain. Likewise, ordinary simplification might not work in Frac (R) unless R is an

integral domain; that is, for all 4, b,c € R

ac _ca _a
be b b
See Exercises 7.24 and 7.25.
Why do we say this? Assume that R is an integral domain. First we show that Frac (R) is
an additive group. Let f, g,h €R; choose a, b, p,q,r,s € Frac(R) suchthat f =a/b, g = p/q,
and b = r/s. First we show that Frac (R) is an abelian group.

closure: This is fairly routine, using common denominators and the fact that R is a
domain:

frg=2+L
b q

_4q by
bg  bq

_aq+bp

=%

€ Frac(R).

Why did we need R do be an integral domain? If not, then it is possible that
bg =0, and if so, f + g & Frac (R)!
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associative:

identity:

additive inverse:

commutative:

This is the hardest one:

b
(F+a)+h=""0 41
bg s

b(ps)+b(qr)
b(qs)

aww+
b(gs)

a ps+qr
PR
_4 (P T
_b+<q+5>
=f+(g+h)

A ring identity of Frac (R) is 0g /1%. This is easy to see, since

OR_d OR'b_ﬂ OR_ﬂ
I T L 5T T

For each f = p/q, (—p) /q is the additive inverse.
We have

Next we have to show that Frac (R) satisfies the requirements of a ring.

closure:

Using closure in R and the fact that R is an integral domain, this is straightfor-

ward: fg = (ap)/ (bq) € Frac(R).
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associative: Using the associative property of R, this is straightforward:

distributive: ~ We rely on the distributive property of R:

rig+h =3 (2+7)

b\qg s
:i<ps+qr>
b qgs
a(ps+qr)
b(qs)
a(ps)+al(qr)
( b)(qS)( )
a(ps) alqr
b(gs) | blgs)

_ap  ar
_bq+bs
=fg+fh.

Finally, we show that Frac (R) is a field. We have to show that it is commutative, that it has a
multiplicative identity, and that every non-zero element has a multiplicative inverse.

commutative: We claim that the multiplication of Frac (R) is commutative. This

follows from the fact that R, as an integral domain, has a commutative
multiplication, so

_rp_4p_Pr_P 4
A T A
multiplicative identiry: ~ We claim that 1—]’: is a multiplicative identity for Frac (R). Then

1z a 1p a-1p

a
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multiplicative inverse: ~ Let f € Frac(R) be a non-zero element. You will show in Exer-
cise 7.24 that any Oz /a € Frac (R) is equivalent to the additive iden-
tity Og / 1g = Opyoe(r)> SO We may write f asa/b witha,b €R, b #0,
and even a # 0. Let g = b /a; then
Je=

a b ab
b a ab
In Exercise 7.24, you will show that

@
b — ‘Frac(R)"

Definition 7.18:  For any integral domain R, we call Frac(R) the ring of
fractions of R.

Notation 7.19:  We generally denote fields with the “blackboard bold” font: for example, we
denote an arbitrary field by F. However, not every set denoted by blackboard bold is a field:
IN and Z are not fields, for example. Likewise, not every field is denoted with blackboard bold:
Frac (R) of Example 7.17, for example.

Already in Example 7.17 we see that there is a relationship between integral domains and fields:
we needed R to be an integral domain in order to get a field out of the ring of rational expressions.
It turns out that the relationship is even closer.

Theorem 7.20:  Every field is an integral domain.
PROOF: Let FF be a field. We claim that IF is an integral domain: that is, the elements of IF satisfy
the zero product property. Let 4, b € F and assume that ab = 0. We need to show thata =0 or

b = 0. Assume that a # 0; since F is a field, 4 has a multiplicative inverse. Multiply both sides
of ab = 0 on the left by ! and apply Proposition 7.4 to obtain

bzl-b:(a_la>b:a_1(ab):a_1-020.

Hence b = 0.

We had assumed that a5 = 0 and a # 0. By concluding that b = 0, the fact that 4 and
b are arbitrary show that FF is an integral domain. Since FF is an arbitrary field, every field is an
integral domain. O

Not every integral domain is a field, however. The most straightforward example is Z.

Exercises.

Exercise 7.21:  Explain why nZ is always an integral domain. Is it also a field?

Exercise 7.22:  Show that Z, is an integral domain if and only if 7 is irreducible. Is it also a
field in these cases?
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Exercise 7.23:  You might think from Exercise 7.22 that we can turn Z,, into a field, or at
least an integral domain, in the same way that we turned Z,, into a multiplicative group: that is,
working with Z .

(@  Explain why this doesn’t work in general.

(b)  However, show that if 7 is irreducible, then Z, is a field.

Exercise 7.24:  Show that if R is an integral domain, then the set of fractions has the following
properties for any nonzero a4, b,c € R:

ac ca a Or  Og

Z = E = Z and 7 = T = OFrac(R) and - =T = 1Fralc(R)'

Exercise 7.25:  To see concretely why Frac (R) is not a field if R is not a domain, consider
R =Z,. Find nonzero b,q € Frac (R) such that bg = 0, and use them to find f, g € Frac(R)
such that f g & Frac(R).

7.3: Polynomial rings

Polynomials make useful motivating examples for some of the remaining topics, and it
turns out that we can identify rings of polynomials. The following definition may seem pedantic,
but it is important to fix these terms now to avoid confusion later.
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Definition 7.26:  Let R be a ring.

e An indeterminate variable of R is a symbol that represents an arbitrary
value of R. A constant of R is a symbol that represents a fixed value of R.
Usually we refer to an indeterminate variable as simply “a variable”.

e A monomial over R is a finite product (x) of variables of R.

o The total degree of a monomial is the number of factors in the
product.

o We say that two monomials are like monomials if the factors of
each are identical. If multiplication in R is not commutative, the
factors must also appear in the same order.

e A term over R is a constant, or the product of a monomial over R and a
constant of R. The constant in a term is called the coefficient of the term.
Two terms are like terms if their monomials are like monomials.

e A polynomial over R is a finite sum (+) of terms over R. We can write a
generic polynomial f as

f =at;+ayt,+---+a,t, whereeacha; €Rand each ¢; is a monomial.

If we write T for the set of monomials of f that have non-zero coefficients,
then we can also write f as

= Z a;t; :Z“zt-

1=1,...#T tel

o We say that the polynomial f is a zero polynomial if, whenever
we substitute arbitrary values of R for the variables, f simplifies to
zero.

o We say that f is a constant polynomial if all the non-constant terms
have coefficient zero. Notice that O is thus a constant polynomial.

o We say that two polynomials / and g are equal if they have the
same monomials, and the coefficients of corresponding monomials
are equal.

e R[x] is the set of univariate polynomials in in the variable x over R. That
is, f/ € R[x] if and only if there exist z €N and 4,,,a .,a1 € R such
that

m—12""

f(x)=a,x"+a, x™ '+ tax+a,

e The set R [x,y] is the set of bivariate polynomials in the variables x and
y whose coefficients are in R.

e For n > 2, the set R [x,x,,...,x,] is the set of multivariate polynomials
in the variables x;,x,,...,x, whose coefficients are in R. We usually use
the term bivariate when n = 2.

e The degree of a univariate polynomial f, written deg f, is the largest of
the numbers of factors of the monomials of /. Unless we say otherwise,
the degree of a multivariate polynomial is undefined.

We call R the ground ring of each set, and for any polynomial in the set, R is
the ground ring of the polynomial.
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Example 7.27:  Definition 7.26 tells us that Z [x,y] is the set of bivariate polynomials in x
and y whose coefficients are in Z,. For example,

f(x,9) = 5x° +2x €Zy[x,y] and g(x,y) :x2y2—2x3+4626 [x,7].

The ground ring for both f and g is Z,. Observe that f can be considered a univariate polyno-
mial, in which case deg f = 3.

We also consider constants to be polynomials of degree 0; thus 4 € Z [x,y] and even
0€eZ[x,y]. 4

Remark 7.28:  Watch out for the following pitfalls!

1. Polynomial rings are not always commutative. If the ground ring is non-commutative, we
cannot assume that x;x; = x;x;. Think of matrices. That said, we will state explicitly
when the ground ring is non-commutative. In general, we use an integral domain, which

1s commutative.

2. If f is a zero polynomial, that does not imply that f is the constant polynomial 0. For
example, let f (x) = x* + x € Z, [x]. Observe that

f(0)=0%+0and
f(1)=1>+1=0(in Z,)).

Here f is a zero polynomial even though it is not zero.

For the rest of this section, let R be an integral domain. Our goal is to show that we can treat
the univariate, bivariate, and multivariate polynomials over R into rings. Before we can do that,
we must define addition and multiplication of polynomials.



158 7. Rings

Definition 7.29:  To define addition and multiplication for a set of polyno-
mials, let /,g € R[xy,...,x,] and T for the set of monomials with non-zero
coefficients appearing in any of f or g. Write

f:Zatt

teT

g :tht.

tel

(We will not write ¢ € T when it is obvious what 7 is.) Define addition in R [x]
by

f—i—g:Z(at—i—bt)t.

Let cu# be a polynomial with only one term; we define the term multiple of a

polynomial by
(cu)-f =D [(cu) (a,2)].

Now define polynomial multiplication by

o= [t (Sun) |

teT uel

that is, polynomial multiplication is simply the sum of the term multiples of
the second polynomial with the terms of the first. Notice that in the second
summand we use # instead of ¢ to distinguish the terms appearing in g from
those appearing in 1.

We can now say that f divides g if there exists a polynomial g such that fg = g.

So when is the zero polynomial the constant polynomial 0?

Proposition 7.30:  If R is a non-zero integral domain, then the following are
equivalent.

(A)  0isthe only zero polynomial in R [xy,...,x,].

(B) R has infinitely many elements.

Before proving Proposition 7.30, we need the following lemma.
Theorem 7.31 (The Factor Theorem):  If R is a non-zero integral domain,

f €RIx|,and a €R, then f (a) =0 iff x —a divides f (x).

PROOF: If x —a divides f (x), then there exists ¢ € R [x] such that f (x) = (x —a)-q (x). By
substitution, f (a) = (@ —a)-q (a) =0g-q (a) = 0.

Conversely, assume f (a) = 0. You will show in Exercise 7.35 that we can write f (x) =
q(x)-(x—a)+r for some » € R. Thus

O=f(a)=qg(a)-(a—a)+7r=r,
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and substitution yields f (x) = g (x) - (x —a). In other worse, x —a divides f (x), as claimed.
]

We now turn our attention to proving Proposition 7.30.

PROOF OF LEMMA 7.30: Assume that R is a non-zero integral domain.
(A) = (B): We proceed by the contrapositive. Assume that R has finitely many elements.
We can label them all as 7, 7,,...,7,,. Let

f(qsensx,) = (g =7p) (% =73) - (2 = 7,) -

Let by,...,b, € R. By assumption, R is finite, so b; = r; for some i € {1,2,...,m}. By substitu-
tion,

f (bobaneeesby) = (= 1) (1= ri0) (=) (1= 7 ) (1= 7).

Now r; — r; = 0 by the properties of a ring, and by the properties of zero f (b, b,,...,b,) =0.
Since a was arbitrary in R, f is a zero polynomial—but it is not the constant polynomial 0. We
have shown that =(B) implies =(A); thus (A) implies (B).

(A) <= (B): Assume that R has infinitely many elements. Let f be any zero polynomial.
We proceed by induction on 7, the number of variables in R [x4,...,x,,].

Inductive base: Let a € R. By definition of the zero polynomial, f (2) = 0. By Lemma7.31,
x —a divides f. Since a is arbitrary, all x —a divide f. There are infinitely many such x —a, but
f has only finitely many terms, and so can have only finitely many factors (otherwise the degree
would not be finite, or R would not be an integral domain). Hence f is the zero polynomial.

Inductive hypothesis: Assume that for all i < n, if f € R[xy,...,x;] is a zero polynomial,
then f is the constant polynomial 0.

Inductive step: Let f € R[xq,...,x,]| be a zero polynomial. Let 2, € R be non-zero,
and substitute x, = 4, into f. Denote the resulting polynomial as g. Observe that g €

R [xl,...,xn_l].
We claim that ¢ is a zero polynomial in R | x4,...,x,_,|. By way of contradiction, as-
g poly 1 n—1 y way
sume that it is not. Then there exist non-zero ay,...,a,_ such that substituting x; = 4, gives us

a non-zero value. However, we have also substituted non-zero a,, for x, ; thus f (a4,...,4,) #
0. This contradicts the definition of a zero polynomial. Hence g is a zero polynomial in
R [xl,...,xn_l].

By the inductive hypothesis, g is the constant polynomial 0. Since 4,, is arbitrary, this
is true for all 2, € R. This implies that any the terms of f containing any of the variables
X{,..-5X,_q has a coefficient of zero. The only non-zero terms are those whose only variables
are x,,, so f € R [x,]. Again, the inductive hypothesis implies that f is zero. O

We come to the main purpose of this section.
Theorem 7.32:  The univariate and multivariate polynomial rings over a ring

R are themselves rings.

PROOF: Let » € N and R a ring. We claim that R [xy,...,x,] is a ring. To consider the
requirements of a ring; select /', g,h € R[x] and let T be the set of monomials appearing with
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non-zero coefficients in any £, g, or h. Write

f:Zﬂtt: g:tht, b:ZCtt.

teT teTl teT

R1) First we show that R [xy,...,x,] is an abelian group.
(G1) By the definition of polynomial addition, (f 4+ g) (x) = > ,c7 (@, + b,) t.
Since R is closed under addition, f + g € R [xy,...,x,,].
(G2)  We rely on the associative property of R:

(f +(g+h)) Zﬂ t+(2bt+2% )

:Z at+b t+th

teT
= (Qoat+D bit)+> ¢t
=((f+g)+h).
(G3) We claim that the constant polynomial 0 is the identity. To see this, let » € T’
then
f+0= Zat t+0

:Zatt+20-t
=> (a,+0)¢
=/

(G4) Let p =>.,e7 (—a,) t. We claim that p is the additive inverse of /. In fact,

pHf=>(=a)t+> at

teT

(In the definition of p, I should state that the sum is over ¢ € T'; otherwise it
isn’t clear.)

(G5) By the definition of polynomial addition, g + f = > (b, +4,) ¢. Since R is
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commutative under addition, addition of coefficeints is commutative, so

frg=>D at+> bt
:Z(“t+bt)t
:Z(bt+at)t
:tht —i—Zatt
=gt/

R2) Applying the definitions of polynomial and term multiplication, and recalling that
integral domains are commutative rings, we have

> <att>zm]
teT - ueTl
= Z((att)(bm)}
tel :ueT
- zwtb,»wﬂ |
tel LueT

Since R is closed under multiplication, each (a,5,) (t#) is a term. Thus f g is a sum of
sums of terms, or a sum of terms. In other words, f g € R [x,...,x,].

R3) We start by applying the form of a product that we derived in (R2):

(fgﬂﬁ=[E:{}:OH%)O%ﬂ}-EZ%W

teT LueT veT
=2 [Z {Z (a,b,)¢,] [(tumH .
teT LueTl LveT

Now apply the associative property of multiplication in R and the associative property
of addition in Z:

(fg””ZEZ{Ej[EjhxhﬁwHtwvﬂ}}-

telT Luel LveTl

Now unapply the form of a product that we derived in (R2):

(fgﬂ“=§:[§:{EIMJhﬁJHtWWH]]

teT LueT LveT
:Zatt' |:Z [Z (b,c,) (wv):|:|
teT uel LoeT

=f(gh).
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(R4)

To analyze f (g + h), first apply addition, then multiplication:

f<g+h>:zatt-<2buu+zcuu
uel

)

D (ab, +ax,) (tu)

Now apply the distributive property in the ring, and unapply the addition and multi-
plication:
| ueT ]

D M(a,b,) (tu) + (a,c,) (1n)]

| ueT

teT ueTl
:Z“tt'z (b,+c,)u
teT uel

-3

teT

D la (b +e,)] (2n)

{ueT

|

D (ab,) (en)+ D (aye,) ()

|

teT LueT uel
= Z(atb”)(tn)] +Z |:Z (a,c,) (t”):|
teT LueT teT LueT

=fg+fh

Exercises.

Exercise 7.33:

Let f(x)=xand g (x) =x+1inZ,[x].

(@)
(@)
(b)
©

Show that f and g are not zero polynomials.
Compute the polynomial p = f g.

Show that p (x) is a zero polynomial.

Explain why this does 7ot contradict Proposition 7.30.

Exercise 7.34:

integer 4.
(@)
(b)

Pick at random a degree 5 polynomial f in Z [x]. Then pick at random an

Findg€Z x| and r € Z suchthat f (x) =¢q (x)-(x—a)+ 7.
Explain why you cannot pick a nonzero integer b at random and expect willy-nilly to

findgeZx]and r € Z suchthat f (x) =¢q (x)-(bx—a)+ .

©

Explain why you can pick a nonzero integer b at random and expect willy-nilly to find
qE€Z|x]|and r,s € Z such that s - f (x)

q (x)-(bx —a)+ r. (Neat, huh?)
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(d)  If the requirements of (b) were changed to finding ¢ € Q[x] and » € Q, would you then
be able to carry out (b)? Why or why not?

Exercise 7.35:  Let R be an integral domain, / € R[x], and 2 € R. Show that there exists
g€R[x]and r €Rsuchthat f (x) =¢q(x) - (x—a)+ 7.

Exercise 7.36:  Let R be an integral domain. Show that R [x] is also an integral domain
Exercise 7.37:  Let R be aring, and f, g € R [x]. Show that deg (f + g) < max (deg f,degg).

Exercise 7.38:  Let R be a ring and define
R (x) = Frac (R [x]);
for example,
Z(x) = Frac(Z [x]) = {g  prg GZ[x]}.

Is R (x) aring? is it a field?

7.4: Euclidean domains

In this section we consider an important similarity between the ring of integers and the
ring of polynomials. This similarity will motivate us to define a new kind of domain, and there-
fore a new kind of ring. We will then show that all rings of this type allow us to perform
important operations that we find both useful and necessary. What is the similarity? The ability
to divide.

Theorem 7.39:  Let R be one of the rings Q, R, or C, and consider the polyno-
mial ving R[x]. Let f,g € R|[x] with f # 0. There exist unigue q,r € R[x]
satisfying (D1) and (D2) where

DY) g=qf +r;

(D2) r=0ordegr <degf.

We call g the dividend, f the divisor, q the quotient, and r the remainder.

PROOF: The proof is essentially the procedure of long division of polynomials.

Ifdegg <degf,let r=gandg=0.Then g =¢qf +r and degr < degf.

Otherwise, deg g > deg f. Let degf = m and n = deg g — deg /. We proceed by induc-
tion on 7.

For the inductive base n =0, let g = iz—j%; and r = g —qf. The degree of r is the degree
of g —qf. Since deg g = deg f = m, there exista,,,...,a,b,,,...,b; € R such that

g=a,x"+a, x" . daxta,
f - bmxm + bm_lxm_l + ct + blx + bo.
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Apply substitution, ring distribution, and the definition of polynomial addition to obtain

=g—qf

(a X" da, x™ 4 +alx—|—ao> 19_ b X" 4+b, x4 +b1x—|—b)
m

dm m m
m m m—1
=0x" 4 (a _1—b—-b )X O—b—- o |-

Notice that if  # 0, then degr < deg /.
For the inductive hypothesis, assume that for all 7 < 7 there exist ¢, € R [x] such that
g=qf+randr=0ordegr <degf.

For the inductive step, let g = leg f -x" and r = g —¢qf. Recall m = deg f; let £ = deg g;
by definition of degree, there exist a,,,,...,dy, by, ..., by € R such that
f=a,x"+ - +a,
g= ng(—i—--'—f—bo.

Apply substitution and ring distribution to obtain

g =g—qf
¢ by .
:<b€x +"‘+bo)——'x (ﬂmx —'—..._i_do)
dm
bdm— bd
:(ngf+.--+bo)—<ngm+n+_z Sxm T +ﬂx>
dm am

Recall that 7 =degg —degf = —m, so { = m+n > n. Apply substitution and the definition
of polynomial addition to obtain

Am Ay,

bya,, _ bya
:Oxé+<bg_l— Eom 1>x”‘1+---+< n—ﬂ>x”+bn_1x”‘1---+bo.
a

m ﬂm

b b
g/zg—qu(bfxz+"'+bo>—<ng I S i x”>

Observe that deg g’ < ¢ = degg, so degg’ —deg f < n. Apply the inductive hypothesis to find
q',r €R|[x]suchthat g’ =¢'f + r and r =0 ordegr <degf. Then

g=aqaf+g =af +(4'f+7)
=(g+q)f+7.

Since R [x] is aring, g + q’ € R [x], and we have shown the existence of a quotient and remainder.
For uniqueness, assume that there exist ¢;,¢,, 7,7, € R[x] such that g = ¢, f +r; =
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q,f + 7, and deg r{,deg r, < deg f. Then

qf +ri=qf +n
0=(q2—q1) f +(r—1y).

If a polynomial equals the constant polynomial 0, then all its coefficients are 0. Hence the co-
efficients of (¢, —¢q,) f + (v, — r;) are all zero. Every term of (¢, — q;) / has degree no smaller
than deg /', and every term of (7, — r,) has degree smaller than deg f, so there are no like terms
between the two. We deduce that (¢, —¢,) f and r, — r; are each equal to the constant polyno-
mial 0. Again by Proposition 7.30, (¢, — q;) f = r, — r; = 0. Immediately we have r; = r,. The
facts that (1) R [x] is a domain in this case and (2) f # 0 imply that ¢, —¢; =0, and thus ¢; = ¢,.
That is, g and r are unique. O

We did not list Z as one of the rings of the theorem. Exercise 7.34 explains why. That’s a
shame: for some integral domains, we can perform a division on the corresponding polynomial
ring, but for others we cannot. We will classify the ones in which we can perform some kind of
division; you will see that we generalize the notion of remainder to something special here.

Definition 7.40:  Let R be an integral domain and v a function mapping the
nonzero elements of R to NT. We say that R is a Euclidean Domain with
respect to the valuation function v if it satisfies (E1) and (E2) where
(E1) v (7) <o (rs) for all nonzero r,s €R.
(E2) For all nonzero f € R and for all g € R, there exist ¢, 7 € R such that
e g=¢gf+r,and
e r=0o0rv(r)<v(f).
If /,g € R are such that f # 0and g = ¢f for some q € R, then we say that f
divides g.

Example 7.41:  Both Z and R [x] of Theorem 7.39 are Euclidean domains.

e In Z, the valuation function is v (7) = |r|.

e In R [x] above, the valuation function is v (r) = degr.
On the other hand, Z [x] is not a Euclidean domain with the valuation function v (7) = degr.
If f =2and g = x, we cannot find g, € Z [x] such that g = gf + r and degr < deg /. The
best we can do is x =0-2+ x, but degx > deg?2. 4

Theorem 7.42:  Let IF be a field. Then F [x| is a Euclidean domain.

PROOF: You do it! See Exercise 7.51. OJ

Since we can perform division with remainder in Euclidean rings, we can compute the
greatest common divisor using the Euclidean algorithm. Unlike integers, however, we have to
relax our expectation of uniqueness for the greatest common divisor.

Definition 7.43:  Let R be a Euclidean domain with respect to v, and let
a,b € R. If there exists d € R such that d | 2 and d | b, then we call d a
common divisor of « and 4. If in addition all other common divisors d’ of 4
and b divide d, then d is a greatest common divisor of 2 and b.
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Notice that the definition refers to a greatest common divisor, not the greatest common divisor.
There can be many greatest common divisors!

Example 7.44:  In Q[x], x + 1 is a greatest common divisor of 2x? —2 and 2x? + 4x + 2.
However, 2x + 2 is also a greatest common divisor of 2x? — 2 and 2x? + 4x + 2, and so is x; .
In fact, notice that in this new definition, there exists more than one greatest common
divisor in Z. For example, for a = 8 and b = 12, both 4 and —4 are greatest common divisors!
This happens because each divides the other, emphasizing that for us, the notion of a “greatest”
common divisor is relative to divisibility, not to other orderings. Vil

That said, all greatest common divisors have something in common.

Proposition 7.45:  Let R be a Euclidean domain with respect to v, and a, b € R.
Suppose that d is a greatest common divisor of a and b. If d' is a common divisor
of a and b, then v (d") < v (d). If d’ is another greatest common divisor of a and
b, then v (d) =v (d').

PROOF: Since d is a greatest common divisor of « and &, and d’ is a common divisor, the
definition of a greatest common divisor tells us that d divides d’. Thus there exists g € R such
that gd’ = d. From property (E1) of the valuation function,

v(d)<v(qd")=v(d).

On the other hand, if d’ is also a greatest common divisor of 4 and b, an argument similar
to the one above shows that

v(d)<v(d)<ov(d).

Hence v (d) = v (d'). O
The reader may be wondering why we stopped at proving that v (d) = v (d’), and not
that d = d’. The reason is that we cannot show that.

Example 7.46:  Consider x? — 1,x% + 2x +1 € Q[x]. Recall from Theorem 7.39 and Defini-
tion 7.40 that Q [x] is a Euclidean domain with respect to the valuation function v (p) = deg p.
Both of the given polynomials factor:

>—1=(x+1)(x—1) and x*+2x+1=(x+1)?,

so we see that x + 1 is a divisor of both. In fact, it is a greatest common divisor, since no polyno-
mial of degree two divides both x? — 1 and x2 + 2x + 1.

However, x + 1 is not the only greatest common divisor. Another greatest common
divisor is 2x + 2. It may not be obvious that 2x + 2 divides both x> — 1 and x? + 2x + 1, but it
does:

5 x 1 ) x 1
x*—1=(2x4+2)(=—=) and x"+2x+1=(2x+2)(=+=).
2 2 2 2

Notice that 2x 4 2 divides x + 1 and vice-versa; also that deg (2x +2) = deg(x +1). 4

Finally we come to the point of a Euclidean domain: we can use the Euclidean algorithm to
compute a gcd of any two elements! Essentially we transcribe the Euclidean Algorithm for
integers (Theorem 6.7 on page 120 of Section 6.1).
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Theorem 7.47 (The Euclidean Algorithm for Euclidean domains):  Let R
be a Euclidean domain with valuation v and m,n € R\ {0}. One can compute
a greatest common divisor of m,n in the following way:
1. Let s =m and t = n.
2. Repeat the following steps until t = O:
(@) Let q be the guotient and r the remainder after dividing s by t.
(b) Assign s the current value of t.
(c) Assign t the current value of r.
The final value of s is a greatest common divisor of m and n.

PROOF: You do it! See Exercise 7.52. OJ

Just as we could adapt the Euclidean Algorithm for integers to the Extended Euclidean
Algorithm in order to compute a, b € Z such that

am~+bn =ged(m,n),

we can do the same thing in Euclidean domains, using exactly the same technique. In fact, you
will need this for Exercise 7.47

Exercises.

Exercise 7.48: Let f =x>+1and g = x> —1.

() Finda,b € Q[x] such that 1 = af + bg. Note that, therefore, 1 is a greatest common
divisor of f and g in Q [x].

(b)  Recall that Z; is a field. Find a,b € Zs [x] such that 1 =af + bg. Note that, therefore,
1 is a greatest common divisor of fand g in Zs [x].

(¢)  Recall that Z [x] is not a Euclidean domain. Explain why the result of part (a) cannot be
used to show that 1 is a greatest common divisor of / and g in Z [x]. What would you
get if you used the Euclidean algorithm on f and g in Z [x]?

Exercise 7.49:  Let f = x* +9x> +27x% + 31x + 12 and g = x* + 13x> + 62x? + 128x + 96.

()  Compute a greatest common divisor of f and g in Q [x].

(b)  Recall that Z;; is a field. Compute a greatest common divisor of f and g in Z5; [x].

(¢)  Recall that Z; is a field. Compute a greatest common divisor of f and g in Z; [x].

(d)  Even though Z|x] is not a Euclidean domain, it still has greatest common divisors.
What’s more, we can compute the greatest common divisors using the Euclidean algo-
rithm! How?

Exercise 7.50:  Show that every field is a Euclidean domain.
Exercise 7.51:  Prove Theorem 7.42.

Exercise 7.52:  Prove Theorem 7.47, the Euclidean Algorithm for Euclidean domains.
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Exercise 7.53: A famous Euclidean domain is the ring of Gaussian integers

Zlil={a+bi:abeZ}

where i2 = —1. The valuation function is

v(a+bi)=a*+b>

To find any quotient and remainder, you must use the fact that the smallest distance between
a + bi and other complex number is at most % 2 (az + 192).
(@  Assuming the facts given about v, divide:
(1) 11 by 3;
(i) 11 by 3s;
(i)  243i by 142i.
(b)  Show that v is, in fact, a valuation function suitable for a Euclidean domain.
(c)  Give a general method for dividing Gaussian integers.



Chapter 8:
Ideals

This chapter fills two roles.

Some sections describe ring analogues to structures that we introduced in group theory.
Section 8.1 introduces the ideal, an analogue to a normal subgroup; Section 8.4 provides an
analogue of quotient groups; and Section 8.6 decribes ring homomorphisms.

The remaining sections use these ring structures to introduce new kinds of ring struc-
tures. Section 8.3 highlights an important class of ideals, and Section 8.5 brings us to finite fields,
which are important for computation in polynomial rings.

8.1: Ideals

Just as groups have subgroups, rings have subrings:

Definition 8.1:  Let R be a ring, and S a nonempty subset of R. If § is also a
ring under the same operations as R, then § is a subring of R.

Example 8.2:  Recall from Exercise 7.8 that 2Z is a ring. It is also a subset of Z, another ring.
Hence 27Z is a subring of Z. A

To show that a subset of a ring is a subring, do we have to show all four ring properties? No: as
with subgroups, we can simplify the characterization, but to two properties:

Theorem 8.3 (The Subring Theorem):  Let R be a ring and S be a nonempty
subset of R. The following are equivalent:
(A) S isasubring of R.
(B) S is closed under subtraction and multiplication. That is, for all a,b € §
(S1) a—-bes, and
(§2) abes.

PROOF: That (A) implies (B) is clear, so assume (B). From (B) we know that for any a,b € § we
have (S1) and (S2). Now (S1) is essentially the Subgroup Theorem (Theorem 3.5 on page 48) so
§ is an additive subgroup of the additive group R. On the other hand, (S2) only tells us that §
satisfies property (R2) of a ring, but any elements of § are elements of R, so that the associative
and distributive properties follow from inheritance. Thus § is a ring in its own right, which
makes it a subring of R. O

You might think that, just as we moved from subgroups to quotient groups via cosets,
we will move from subrings to “quotient rings” via the ring analogue of normal subgroups. In
fact, we will do something different: we will move to something called a “quotient ring”, using
an analogue of cosets called ideals.

Definition 8.4:  Let A be a subring of R that satisfies the absorption prop-
erty:
VreRVYac€A ra,ar €A.

Then A is an ideal subring of R, or simply, an ideal, and write A<R. An ideal
Ais proper if 0 £ A # R.
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We are most interested in ideals for commutative rings, but sometimes we will consider the
non-commutative context.

Example 8.5:  Recall the subring 2Z of the ring Z. We show that 2Z «Z: let » € Z, and
a € 2Z. By definition of 2Z, there exists d € Z such that a = 2d. Substitution gives us

ra=r-2d =2(rd) €227,

s0 2Z “absorbs” multiplication by Z. This makes 2Z an ideal of Z.
Naturally, we can generalize this proof to arbitrary 7 € Z: see Exercises 8.15 and 8.16. 4

Ideals in the ring of integers have a nice property that we will use in future examples.

Lemma 8.6:  Let a,b € Z. The following are equivalent:

(A)  a|b;
(B)  bZ CaZ.
PROOF: You do it! See Exercise 8.17. O

Example 8.7:  Certainly 3 | 6 since 3-2 = 6. Look at the ideals generated by 3 and 6:

37 =1{...,—12,-9,-6,-3,0,3,6,9,12,...}
6Z =1{...,—12,-6,0,6,12,...}.

Inspection suggests that 6Z C 3Z. We can prove this: let x € 6Z. By definition, x = 6q for
some g € Z. By substitution, x = (3-2) g =3(2-q) € 3Z. Since x was arbitrary in 6Z, we have
6Z C37Z. 4

The absorption property of ideals distinguishes them from other subrings, and makes them
useful for applications.

Example 8.8:  You showed in Exercise 7.3 that C [x, y] is a ring.
Let f = x*+y?—4,g=xy—1. Define A= {hf +kg: h,keC|x,y]}. We claim that
A is an ideal:
e Forany a,b € A, we can by definition of A writea = b, f +k,gand b = h, f + kg for
some b, by, k,, k, €C|x,y]. Thus

a—b=(hf+kg)=(hf+kyg)
= (ha=hp) f +(k—k;) g €A

and

ab=(h,f +k,8)(h,f +Ryg)
=hohy 2+ hkyf g+ hykfg+k kg
= (hahpf +hkyg +hyk,g) f+ (k.kyg) g
— W f+kg
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Figure 8.1. A common root of x? +y? —4 and xy — 1

where

b/:bahbf—l—/oﬂ/ebg—}-hbkag and /e/:/ea/ebg,

which shows that a5 has the form of an element of A. Thusab € A as well. By the Subring
Theorem, A is a subring of C [x,y].
e Foranya €A, r €C|x,y]|, write a as before; then

ra=r(h,f +k,g)=(rh)f+(rk)g=h"f +k'g

where b = rh, and k' = rk,. This shows that ra has the form of an element of 4, so
ra € A.
We have shown that A satisfies the subring and absorption properties; thus, A<C [x, y].
What’s interesting about A is the following algebraic fact: the common roots of f and
g are roots of any element of A. To see this, let (a, ) be a common root of f and g; that s,
f(a,B8) =g(a,8) =0. Let p € A; by definition of A we can write p = hf + kg for some
h,k € C[x,y]. Substitution shows us that

p(ap)= (hf+/€g (@,5)
=h(af)-f(ap)
h(a,f)-0+k(a
=0;

+k(a,f)-g(ap)
’IB)

that is, (@, 3) is a root of p.
Figure 8.1 depicts acommon root of f and g, (@ (\/2+\/_ 2\/2+x/_ \/6+31/_>.

It is also a root of every element of A. 4

You will show in Exercise 8.25 that the ideal of Example 8.8 can be generalized to other rings
and larger numbers of variables.
Recall from linear algebra that vector spaces are an important tool for the study of systems
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of linear equations: finding a triangular basis of the vector space spanned by a system of linear
polynomials allows us to analyze the solutions of the system. Example 8.8 illustrates why ideals
are an important tool for the study of non-linear polynomial equations. If one can compute a
“triangular basis” of a polynomial ideal, then one can analyze the solutions of the system that
generates the ideal in a method very similar to methods for linear systems. We take up this task
in Chapter 10.

Since ideals are fundamental, we would like an analogue of the Subring Theorem to de-
cide whether a subset of a ring is an ideal.

Theorem 8.9 (The Ideal Theorem):  Let R be a ring and A C R. The follow-
ing are equivalent:
(A)  Aisan ideal subring of R.
(B) A is closed under subtraction and absorption. That is,
(1)  foralla,b €A, a—beA;and
(12)  foralla€Aand r €R, wehavear,ra € A.

PROOF: You do it! See Exercise 8.19. O

We conclude by defining a special kind of ideal, with a notation similar to that of cyclic
subgroups, but with a different meaning.

Notation 8.10:  Let R be a commutative ring with unity and 7, 7,,...,7,, € R. Define the set
(r1,725...,7,,) as the intersection of all the ideals of R that contain all of 7, 75,...,7,,.

Proposition 8.11:  Let R be a commutative ring with unity. Forall r.,...,r,, €

R, (71s...,7,,) is an ideal.

m

PROOF: Leta,b €(ry,...,7,,). Let I be any ideal that contains all of r,...,7,,. By definition
of (r\,...,7,,), a,b € I. By the Ideal Theorem,a— b € I and for all » € R, ar,ra € I. Since
I was an arbitrary ideal containing all of r,...,r,,, every such ideal contains @ — b, ar, and ra.
Thusa—b,ar,ra€(ry,...,r,,). By the Ideal Theorem, (r,...,7,,) is an ideal. O

Definition 8.12:  In a commutative ring with unity, we call (r{,7,,...,7,,)
the ideal generated by r,7,,...,7,, and {r,7,...,7,} a basis of

(717250003 7),)-

Proposition 8.13:  The ideal (r(, 75,...,1,,) is precisely the set

I={byri+hyry+---+h,7,: h, €R}.

PROOF: It is evident from the definition of an ideal and the closure of a subring that 7 C
(r{s..57,,,); to complete the proof, we must show that 7 D (r,...,r,,). To that end, we claim
first that 7 is an ideal. Absorption is obvious; as for the closure of subtraction, let x,y € I; then
choose h;, p; € R such that

x=hry+---+h,r, and
y:plrl+"'+pmrm'
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Using the associative property, the commutative property of addition, the commutative prop-
erty of multiplication, distribution, and the closure of subtraction in R, we see that

X—=)Y= f17’1+"'+fm7’m)—(p171+"'+]7m7m)

= (]rlrl_plrl)+"'+( mrm_pmrm)

:(ﬂ_pl)rl+"'+(fm_pm)rm
I

S

By the Ideal Theorem, I is an ideal. Moreover, it is easy to see that r; €I foreach: =1,2,...,m
since

ri:1-rl~—{—20-7’j€].

J#i
Hence [ is an ideal containing all of 7, 7,,...,7,,. By definition of (r{,...,7,,), I 2 (715...,7,,)-
We have shown that 7 € (ry,...,7,,) €I. Hence I = (7y,...,7,,) as claimed. O

We conclude with an example that shows how an ideal can have more than one basis.

Example 8.14:  Consider the ring Z, and let I = (4,6). Proposition 8.13 claims that
I={4m+6n: mneZ}.
Choosing concrete values of 7 and 7, we see that

4=4.1+6-0€l

0=4-0+6-0€1
—12=4.(-3)+6-0el
—12=4.0+6-(=2)el.

Notice that for some elements of 7, we can provide representations in terms of 4 and 6 in more
than one way.

We claim that we can simplify this to I = 2Z. Why? For starters,2=4-(—1) +6-1, so
2 € 1. Now that we have 2 € I, let x € 2Z; then x = 2¢q for some g € Z. Then

x=29g=[4-(-1)+6-1-g=4-(—qg)+6-q€l.
Since x was arbitrary, I D 2Z. On the other hand, let x € I; there exist m,n € Z such that
x=4m+6n=212m+3n)e€2Z.

Since x was arbitrary, I C 2Z. Hence I = 2Z. 4

So I = (4,6) = (2) = 2Z. If we think of r{,...,7,, as a “basis” for (r{,...,7,,), then the example
above shows that any given ideal can have bases of different sizes. You might wonder if every
ideal can be written as {(a). (We call such ideals principal ideals.)

In general, this conjecture is false. For example, in the polynomial ring R = C[x,y], let
I = (x,y). If there were some f € R such that I = (f), then we would have to have x,y € (f),



174 8. Ideals

so there would have to be polynomials p and g such that x = pf and y = ¢/ . You will show in
Exercise 8.37 that this is impossible. Thus I cannot be written as (f) for any f € R.

However, the conjecture is true for the ring Z (and a number of other rings as well). You
will explore this in Exercise 8.18, and elsewhere.

Exercises.

Exercise 8.15:  Show that for any n € N, nZ is an ideal of Z.
Exercise 8.16:  Show that every ideal of Z has the form nZ, for some » € N.

Exercise 8.17:
(@) Prove Lemma 8.6.
(b)  More generally, prove that in any ring with unity, a | 5 if and only if () C (a).

Exercise 8.18:  In this exercise, we explore how (7, 7,,...,7,,) behaves in Z. Keep in mind
that the results do not necessarily generalize to other rings.
(@  For the following values of a, b € Z, show that (a,b) = (c) for a certain ¢ € Z.
(1) a=3,b=5
(i) a=3,b=6
(i) a=4,b=6
(b)  What is the relationship between a, b, and ¢ in part (a)?
(c)  Prove the conjecture you formed in part (b).

Exercise 8.19:  Prove Theorem 8.9 (the Ideal Theorem).

Exercise 8.20:  Suppose R is a ring with unity, and A an ideal. Show that if 1; € A, then
A=R.

Exercise 8.21:  Explain why, in the ring of square matrices, the smallest ideal containing the
invertible matrices is the ring itself.

Exercise 8.22:  Show that in any field [F, the only two distinct ideals are the zero ideal and F
itself.

Exercise 8.23:  Let R be a ring and A and I two ideals of R. Decide whether the following
subsets of R are also ideals, and explain your reasoning:

@ ANI

by AuUI

€ A+I={x+y:xe€Ayel}

d AI={xy:xeAyel}

(e) AI:{Z?:lxiyi:nE]N,xiEA,yiEI}

Exercise 8.24:  Let A, B be two ideals of a ring R.

(a) Show that AB CANB.

(b)  Show that sometimes AB # ANB; that is, find a ring R and ideals A, B such that AB #
ANB.
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Exercise 8.25:  Let R be a commutative ring with unity. Recall from Section 7.3 the polyno-
mial ring R [x,%,,...,x, |, whose ground ring is R. Let

i foevosfond = Uit bafo oot by fon s by by by € R x40, ]

Example 8.8 showed that the set A = (x? 4+ y? —4,xy — 1) was an ideal; Proposition 8.13 gen-
eralizes this to show that (f}, f5,..., f,,) is an ideal of R [x,x,,...,x,]. Show that the common
roots of f1, f5,- -, ,, are common roots of all polynomials in the ideal /.

Exercise 8.26:  Let A be an ideal of a commutative ring R. Define its radical to be
w/Z:{r €ER:r"€AIreN"}.

Show that /A is an ideal.

8.2: Principal Ideals

In the previous section, we described ideals for commutative rings with identity that are
generated by a finite set of elements, denoting them by (r,...,7,,). An important subclass of
these ideals, shared with noncommutative rings, consists of ideals generated by only one element.

Definition 8.27:  Let A be an ideal of a ring R. If A = (a) for some 4 € R,
then A is a principal ideal.

Many ideals can be rewritten as principal ideals. For example, the zero ideal {0} = (0). If R has
unity, we can write R = (1). On the other hand, not all ideals are principal. For example, if
A = (x,y) in the ring C [x, ], there is no f € C[x,y] such that A = (f).

The following property of principal ideals is extremely useful.

Lemma 8.28:  Leta,b € R. There exists ¢ € R such that ga = b if and only if

(b) C (a). In addition, if R is an integral domain, q has a multiplicative inverse if
and only if (b) = (a).

PROOF: The first assertion is precisely Exercise 8.17(b). For the second, assume that R is an
integral domain. Then ¢ has a multiplicative inverse 7 iff rqg = 13 itf rb = r (qa) = aiffa € (b)
iff (a) C(b). O
Notice that outside an integral domain, we could have a dividing 4 by an element that
has no multiplicative inverse, yet (5) = (a). For example, in Z,, we have 2-2 = 4, but (2) =
{0,2,4} = (4).
There are rings in which all ideals are principal.

Definition 8.29: A principal ideal domain is a ring where every ideal can
be written as a principal ideal.

Example 8.30:  Z is a principal ideal domain. To see this, let A be any ideal; since the zero
ideal is (0), we may assume without loss of generality that A contains at least one non-zero
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element; call it ;. Without loss of generality, we may assume that ; € N (if not, we could
take —a, instead, since the definition of an ideal requires —a; € A as well).

Is A = (a,)? If not, we can choose b, € A\ (,); let B = (a, b,). Exercise 8.18 tells us that
B = (gcd(aq, by)); let ay = ged (ay, by). I a, € (a,), then a, divides a,, and thus 4, divides 4,,
which implies that 4, € (4,). That would contradict the choice of b;; thus, a, & (4,). However,
a, divides ay, so (a;) € (a,). Exercise 1.26 on page 10 implies that @, < min (a4, b;), so it must
be that 0 < a, < 4;.

Is A = (a,)? If not, we can repeat the procedure to find a5,b, € A\ (a,) and a; =
ged (ay, by) with 0 < a3 < a,. In fact, as long as A # (a;) we can find 4; 4, b; € A\ (4;) such
that a; | = ged(a;,b;) and 0 < 4;_; < a;. This gives us a strictly increasting chain of ideals
(a1) € (a,) € -+ and a strictly decreasing chain of integers 2, >a, > -+ >a; > 0. Let § be the set
of all 4, that we can generate in this way; by the well-ordering of IN, § must have a least element
d. Because d is the smallest element of S, it must be the last 4, that we computed, implying that
we cannot compute anymore. That implies A = (d). 4

The argument we used above can be extended to more general circumstances.

Theorem 8.31:  Every Euclidean domain is a principal ideal domain.

PROOF: Let R be a Euclidean domain with respect to v, and let A be any non-zero ideal of R.
Let a; € A. Aslong as A # (a;), we can use the Euclidean Algorithm for Euclidean domains as
we did in Example 8.30 to find 4; | € A\ (4;) such that (4;) C (4, ;) and v (4; ) < v (4;). Let
T be the set of all the 4; that we can generate in this way, and let § = {v (¢) :t € T'}. By the
well-ordering of IN, § must have a least element d, which corresponds to some ¢ € T, which
corresponds to some a; generated by our procedure. Since d = v (4;) and d is minimal, it must
correspond to the last a; that we computed, implying that we cannot compute anymore. That

implies that A = (4;). O

Not all integral domains are principal ideal domains; you will show in the exercises that
for any field F and its polynomial ring F [x, y], the ideal (x,y) is not principal. For now, though,
we will turn to a phenomenon that appeared in Example 8.30 and Theorem 8.31. In each case,
we built a chain of ideals

(a1) S (a2) S (a3) & -+

and were able to show that the procedure we used to find the ; must eventually terminate.

We will see later that this is property of ideals is very useful to have for a ring. In both
Example 8.30 and Theorem 8.31, we relied on the well-ordering of IN, but that is not always
available to us. So the property might be useful in other settings, even in cases where ideals
aren’t guaranteed to be principal — for example, in IF [x,y].

Definition 8.32:  Let R be a ring. If for every ascending chain of ideals
A; €A, C - we can find an integer b such that A, = A, | = -+, then R
satisfies the Ascending Chain Condition.

Remark 8.33:  Another name for a ring that satisfies the Ascending Chain Condition is a
Noetherian ring, after Emmy Noether.
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Proposition 8.34:  Each of the following holds.

(A)  Every principal ideal domain satisfies the Ascending Chain Condition.

(B)  Any freld FF satisfies the Ascending Chain Condition.

(C)  If a ring R satisfies the Ascending Chain Condition, so does R [x].

(D) If aring R satisfies the Ascending Chain Condition, so does R [x,%,,...,x,].
(E)  Forany field F, IF [x,,x,,...,x,]| satisfies the Ascending Chain Condition.

PROOF: (A) Let R be a principal ideal domain, and let A; € A, C -+ be an ascending chain of
ideals in R. Let B = J;” | A;. By Exercise 8.38, B is an ideal. Since R is a principal ideal domain,
B = (b) for some b € R. By definition of a union, & € A; for some i € N. The definition of an
ideal now implies that b € A; for all » € R; so (b) C A,. By substitution, B C A;. By definition
of B, we also have A; C B. Hence A; = B, and a similar argument shows that A i = B for all
7 > 1. Hence the chain of ideals stabilizes at A;. Since the chain was arbitrary, every ascending
chain of ideals in R stabilizes, so R satisfies the ascending chain condition.

(B) Any field is a Euclidean domain, as you showed in Exercise 7.50, so this follows from
(A) and Theorem 8.31. However, it’s instructive to look at it from the point of view of a field
as well. Recall from Exercise 8.22 on page 174 that a field has only two distinct ideals: the zero
ideal, and the field itself. (Why? If an ideal I of FF is nonzero, then choose nonzero a € I. Since
a~! €F, absorption implies that 1z = a-a~! € I. Then for any b € IF, absorption again implies
that 15 - b € 1.) Hence any ascending chain of ideals stabilizes either at the zero ideal or at F
itself.

(C) Assume that R satisfies the Ascending Chain Condition. If every ideal of R [x] is
finitely generated, then we are done, since for any ascending chain /; €7, C --- theset / = U I,
is also an ideal (a straightforward generalization of Exercise 8.38), and is finitely generated, say
I ={fi,.--,/,,)> which implies that the chain stabilizes once all the f; have been added to the
ideal.

So if we show that every idea of R [x] is finitely generated, then we are done. Let I be any
ideal, and choose £}, /5, ... € I in the following way: f; is of minimal degree in I; £, is of minimal
degree in I\ (f,), f3 is of minimal degree in I\ (f}, f5), and so forth. Then (f;) C (f;,/£5) S is
an ascending chain of ideals. Denote the leading coefficient of f; by a; and let J; = (a;,4,,...,4;).
Since R satisfies the Ascending Chain Condition, the ascending chain of ideals J; C J, C ---
stabilizes for some m € IN.

By way of contradiction, suppose that we can find f,, | of minimal degree in I\ {f,..., f,,).
Since J,, = J,, 4 of necessity, a,, | = bjay+---+ b,a,, for some by,...,b, € F. Write
d; = deg, f; , and consider

P = blflxdmﬂ—dl 4.4 bmfmxderl_dm'

Choosing the f;’s to be of minimal degree implies that d,, | —d; is nonnegative for each i.
Moreover, we have set up the sum and products so that the leading term of p is

(bldl + ..+ bmdm)deJrl :dm+1xdm+1’

so deg (f,,.1—p) < degf,, 1. By construction, p € (f1, f2s- > fpu)- U fras1 & (f1sS20-+ > Srn)>
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then f,, . —p € (f1, /25> [,n) also,s0 £, 1 — p €I\ (1, /2> -+ /) contradicting the choice of
minimality of £, ;.

(D) follows from (C) by induction on the number of variables 7: use R to show R [x,]
satisfies the Ascending Chain Condition; use R [x;] to show that R [x, x,] = (R [x,]) [x,] satisfies
the Ascending Chain Condition; etc.

(E) follows from (B) and (D). g

Exercises

Exercise 8.35:  Let ¢ be an element of a ring with unity. Show that ¢ has a multiplicative
inverse if and only if (g) = (1).

Exercise 8.36:  Is IF [x] a principal ideal domain for every field IF? What about R [x] for every
ring R?

Exercise 8.37:  Let F be any field, and consider the polynomial ring FF[x,y]. Explain why
(x,) cannot be principal.

Exercise 8.38:  Let R be a ring and I; C I, C --- an ascending chain of ideals. Show that
7= Ufozl I, is itself an ideal.

8.3: Prime and maximal ideals

Two important classes of ideals are prime and maximal ideals. Let R be a ring.

Definition 8.39: A proper ideal A of R is a maximal ideal if no other proper
ideal of R contains A.

Another way of expressing that A is maximal is the following: for any other ideal / of R, A C ]
implies that A=1 or I = R.

Example 8.40:  In Exercise 8.16 you showed that all ideals of Z have the form nZ for some
n € Z. Are any of these (or all of them) maximal ideals?

Let n € Z and suppose that nZ is maximal. Certainly 7 # 0, since 2Z ¢ {0}. We claim
that 7 is irreducible; that is, it is not divisible by any integers except £1,£#n. To see this, recall
Lemma 8.6: m € Z is a divisor of n iff nZ C mZ. Since nZ is maximal, either mZ = Z or
mZ = nZ. In the first case, m = %1; in the second case, m = £n. Hence # is irreducible. 4

For prime ideals, you need to recall from Exercise 8.23 that for any two ideals A,B of R, AB is
also an ideal.

Definition 8.41: A proper ideal P of R is a prime ideal if for every two ideals
A, B of R we know that
if ABCPthenACPorBCP.

Definition 8.41 might remind you of our definition of prime integers from page 6.29. Indeed,
the two are connected.
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Example 8.42:  Let n € Z be a prime integer. Let a,b € Z such that p | ab. Hence p | a or
P | b. Suppose that p | a.

Let’s turn our attention to the corresponding ideals. Since p | 2b, Lemma 8.6 tells us
that (ab)Z C pZ. It is routine to show that (ab)Z = (aZ) (bZ). Put A=aZ,B = bZ, and
P = pZ;thus ABCP.

Recall that p | a; applying Lemma 8.6 again, we have A=aZ C pZ = P.

Conversely, if 7 is not prime, it does not follow that #Z is a prime ideal: for example,
6Z is not a prime ideal because (2Z) (3Z) C 6Z but by Lemma 8.17 neither 2Z C 6Z nor
3Z C 6Z. This can be generalized easily to all integers that are not prime: see Exercise 8.46. 4

You might wonder if the relationship found in Example 8.40 works the other way. That is: we
found in Example 8.40 that an ideal in Z is maximal iff it is generated by a prime integer, and in
Example 8.42 we argued that an ideal is prime iff it is generated by a prime integer. We can see
that in the integers, at least, an ideal is maximal if and only if it is prime.

What about other rings?

Theorem 8.43:  If R is a commutative ring with unity, then every maximal
ideal s prime.

PROOF: Let M be a maximal ideal of R. Let A, B be any two ideals of R such that AB C M. We
claim that ACM orBC M .

Assume that A € M; we show that B C M. Recall from Exercise 8.23 that A+ M is also
an ideal. Since M is maximal, A+ M =M or A+ M = R. Since AL M, A+ M # M; thus
A+ M = R. Since R has unity, 13 € A+ M, so there exist a € A, m € M such that

lp =a+m. (20)
Let b € B and multiply both sides of 20 on the right by &; we have

lg-b=(a+m)b
b=ab+mb.

Recall that AB C M; since ab € AB, ab € M. Likewise, since M is an ideal, mb € M. Ideals are
subrings, hence closed under addition, so ab + mb € M. Substitution implies that b € M. Since
b was arbitrary in B, B C M. O

Theorem 8.44:  If R is a ring without unity, then maximal ideals might not be
prime.

PROOF: The proof is by counterexample: Clearly 2Z is a ring without unity. (If this isn’t clear,

reread the previous section.) We claim that 4Z is an ideal of R = 2Z:

subring: Let x,y € 4Z. By definition of 4Z, x = 4a and y = 4b for some a,b € Z.
Using the distributive property and substitution, we have x —y = 4a —4b =
4(a—b)€4Z.
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absorption:  Let x € 4Z and r € 2Z. By definition of 4Z, x = 4q for some q € Z. By
subtitution, the associative property, and the commutative property of integer
multiplication, rx =4 (rq) € 4Z.

Having shown that 4Z is an ideal, we now show that it is a maximal ideal. Let A be any ideal of

27 such that 4Z C A. Let x € A\4Z; by division, x = 4g + r such that 0 < r < 4. Since x € 2Z,

we can write x = 2d for some d € Z. Thus r =x —4q =2(d —2q) € 2Z. But 0 < r < 4 and

r € 2Z implies that » = 2.

Now 4g € 4Z and thus in A, so x —4g € A. By substitution, x —4q = (4q +2) —4q = 2;
since A is an ideal, 2 € A. By absorption, 2n € A for all n € Z. Thus 2Z C A. But A is an ideal
of 2Z, so 2Z C A C 2Z, which implies that A = 2Z. Since A is an arbitrary ideal of 2Z that
contains 4Z properly, 4Z is maximal in 2Z.

Finally, we show that 4Z is not prime. This is easy: (2Z) (2Z) C4Z,but 2Z ¢ 4Z. O

Theorem 8.45: A prime ideal is not necessarily maximal, even in a commuta-
tive ring with unity.

PROOF: Recall that R = C[x,y] is a ring with unity, and that 7 = (x) is an ideal of R.

We claim that 7 is a prime ideal of R. Let A, B be ideals of R such that AB C I. Suppose
that AZ I;leta € A\I. Forany b € B,ab € AB C I = (x), so ab € (x). This implies that x | ab;
let g € R such that gx = ab. Writea = f -x 44’ and b = g-x + b’ where a’, b’ € R\I; that is,
a’ and b’ are polynomials with 70 terms that are multiples of x. By substitution,

ab=(f-x+a')(g-x+b")
qr=(fx)-(g-) +d-(g-x) + b (f-x) +a' b
(q—fg—a'g—0b'f)x=a'b’".

Hence a’b’ € (x). However, no term of 4’ or b’ is a multiple of x, so no term of 2’5’ is a multiple
of x. The only element of (x) that satisfies this property is 0. Hence a’b’ = 0, which by the zero
product property of complex numbers implies that 2’ = 0 or b’ =0.

Which is it? If a’ = 0, thena = f-x +0 € {x) = I, which contradicts the assumption
that 2 € A\I. Hence a’ # 0, implying that 4’ =0, s0 b = gx +0 € (x) = I. Since b is arbitrary,
this holds for all 4 € B; thatis, B C I.

We took two arbitrary ideals such that AB C I and showed that A C I or B C I; hence
I = (x) is prime. However,  is not maximal, since

e y & (x), implying that (x) C (x,y); and
e 1¢&(x,y), implying that (x,y) &€ C[x,y].
U
So prime and maximal ideals need not be equivalent. In Chapter 9, we will find condi-
tions on a ring that ensure that prime and maximal ideals are equivalent.

Chapter Exercises.

Exercise 8.46:  Let n € Z be an integer that is not prime. Show that #nZ is not a prime ideal.
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Exercise 8.47:  Show that {[0], [4]} is a proper ideal of Zg, but that it is not maximal. Then
find a maximal ideal of Zj.

Exercise 8.48:  Find all the maximal ideals of Z,,. Are they prime? How do you know?

Exercise 8.49:  Let IF be a field, and 4,,4,...,4, € F.

()  Show that theideal (x; —ay,x, —ay,...,x, —a,,) is both a prime ideal and a maximal ideal
of IF [x{,%p,...,%,] .

(b)  Use Exercise 8.25 to describe the common root(s) of this ideal.

8.4: Quotient Rings

We now generalize the notion of guotient groups to rings, and prove some interesting
properties of certain quotient groups that help explain various phenomena we observed in both
group theory and ring theory.

Theorem 8.50:  Let R be a ring and A an ideal of R. For every r € R, denote
r+A:={r+a:acAl,

called a class. Then define
R/A:={r+A: r€R}

and define addition and multiplication for this set in the “natural” way: for all
X,Y € R/A denoted as x + A,y + A for some x,y €R,

X+Y=(x+y)+A
XY = (xy)+A.

The set R/ A is a ring under these operations, called the quotient ring.

Notation 8.51:  When we consider elements of X € R/ A, we will refer to the “usual represen-
tation” of X as x + A for appropriate x € R; that is, “big” X is represented by “little” x.

In most cases, there are many representations of any class in R/A. As with quotient groups, we
have to show that the operations are themselves well-defined. Thus the structure of the proof of
Theorem 8.50 considers:

e whether the operations are well-defined;

e whether R/A is an additive group; and

e whether R/A is a ring.
You may remember that when working in quotient rings we made heavy use of Lemma 3.28 on
page 55; before proving Theorem 8.50 we need a similar property for the classes x +A4 of R/A.

Lemma 8.52:  Let X,Y € R/ A with representations X = x+AandY =y+A
for appropriate x,y € R. Then (A) and (B) hold where

(A) X =Y ifandonlyifx —y €A.

(B) X =Aifandonlyif x € A.
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PROOF: You do it! See Exercise 8.59. O
We now turn to the proof of Theorem 8.50.

Remark 8.53:  Theorem 8.50 holds for non-commutative rings as well, since ideals absorb

both left and right multiplication.

PROOF OF THEOREM 8.50: First we show that the operations are well-defined. Let X, Y € R/A
and consider two representations w +A and x +A of X (so x +A = w +A = X) and two

representations y +A and z + A of Y, for appropriate w, x,y,z € R.
Is addition well-defined? Observe that X +Y = (x+y)+Aand X +Y = (w+2) + A.

By the hypothesis that x +A = w +A and y + A = z + A, Lemma 8.52 implies that x —w € A
and y — z € A. By closure, (x —w) + (y — z) € A. Using the properties of a ring,

(x49) = (w+2) = (x—w) + (y—2) €A.
Again from Lemma 8.52 (x +y) +A = (w + z) + A, and by definition
(x+A)+(y+A) =(x+y)+A=(w+z)+A=(w+A)+(z+A).

It does not matter, therefore, what representation we use for X; the sum X + Y has the same
value, so addition in R/A is well-defined.

Is multiplication well-defined? Observe that XY = (x +A4) (y+A) = xy +A. As ex-
plained above, x —w € A and y — z € A. Let a,a € A such that x —w =4 and y — z = ; from
the absorption property of an ideal, ay € A, so

xy—wz=(xy—xz)+(xz—wz)=x(y—2z)+(x—w)z=xa+az€A.
Again from Lemma 8.52, xy +A = wz + A, and by definition
(x+A)(y+A)=xy+A=wz+A=(w+A)(z+A).

It does not matter, therefore, what representation we use for X; the product XY has the same
value, so multiplication in R /A is well-defined.

Having shown that addition and multiplication in R/A is well-defined, we turn to show-
ing that R/A is a ring. First we show the properties of an additive group:

closure: Let X,Y € R/A, with the usual representation. By substitution, X +Y =
(x +y) +A. Since R, a ring, is closed under addition, x +y € R. Thus X +Y €
R/A.

associative:  Let X,Y,Z € R/ A, with the usual representation. Applying substitution and the
associative property of R, we have

(X+Y)+Z=((x+y)+A)+(z+A)
=((x+y)+2)+A
(x+(y+2))+A

(x+A)+((y+2)+A)
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identity:

moverse:

We claim that A = 0+ A is itself the identity of R/A; that is, A = 0z /4. Let
X € R/A with the usual representation. Indeed, substitution and the additive
identity of R demonstrate this:

X +A=(x+A)+(0+A4)
=(x+0)+4
=x+A
= X.

Let X € R/A with the usual representation. We claim that —x + A is the additive
inverse of X. Indeed,

X+(—x4+A)=(x+(-x))+A
—0+4
=A
— OR/A'

Hence —x + A is the additive inverse of X.

Now we show that R /A satisfies the ring properties. Each property falls back on the correspond-
ing property of R.

closure:

assoctative:

distributive:

Let X,Y € R/A with the usual representation. By definition and closure in R,

XY =(x+A)(y +A)
=(xy)+A
€R/A.

Let X,Y,Z € R/A with the usual representation. By definition and the associa-
tive property in R,

Let X,Y,Z € R/A with the usual representation. By definition and the distribu-
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tive property in R,

X(Y+Z)=(x+A)((y+2)+A)
=(x(y+2))+A
=(xy+xz)+A

((xy)+A)+((xz) +A)

XY +XZ.

Hence R/A 1s a ring. O

Proposition 8.54:  If R is a commutative ring with unity, then R/A is also a
commutative ring with unity. The multiplicative identity of R/ A is 15 + A.

PROOF: You do it! See Exercise 8.60. O

In Section 3.5 we showed that one could define a group using the quotient group Z,, =
Z/nZ. Since Z is a ring and nZ is an ideal of Z by Exercise 8.15, it follows that Z, is also a
ring. Of course, you had already argued this in Exercise 7.9.

We can say more. You found in Exercise 7.22 that Z, is not, in general, an integral
domain, let alone a field. The relationship between maximal ideals and prime ideals that we
studied in Section 8.3 helps explain this.

Theorem 8.55:  If R isa commutative ring with unity and M is a maximal ideal
of R, then R/ M is a field. The converse s also true.

PROOF: (=) Assume that R is a commutative ring with unity and M is a maximal ideal of
R. Let X € R/M and assume that X # M; that is, X is non-zero. Since X # M, X = x+M
for some x ¢ M. Since M is a maximal ideal, the ideal (x) + M satisfies M C (x) +M = R (see
Exercise 8.23, Definition 8.12, and Proposition 8.13). By Exercise 8.20, 1 & M. Thus (1) + M
also satisfies (1) + M = R. In other words, (x) +M = (1) + M. Since 1 =14+0€ (1) + M, we
see that 1 € (x) + M, so there exist h € R, m € M such that 1 = hx + m. Thus 1 —hx =m e M,
and by Lemma 8.52
1+ M=hx+M=(h+M)(x+M).

This shows that h + M is a multiplicative inverse of X = x +M in R/M. Since X was an
arbitrary non-zero element of R/M, every element of R/M has a multiplicative inverse, and
R/M is a field.

(<) For the converse, assume that R/M is a field. Let N be any ideal of R such that
M SN CR. Letx € N\M;then x +M # M, and since R/ M is a field, x + M has a multiplicative
inverse; call it Y with the usual representation. Thus

(x))+M=(x+M)(y+M)=1+M,

which by Lemma 8.52 implies that xy —1 € M. Let m € M such that xy —1 = m; then 1 =
xy —m. Now, x € N implies by absorption that xy € N, and m € M C N implies by inclusion
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that m € N. Closure of the subring N implies that 1 € N, and Exercise 8.20 implies that N = R.
Since N was an arbitrary ideal that contained M properly, M is maximal. O

A similar property holds true for prime ideals.

Theorem 8.56:  If R is a commutative ring with unity and P is a prime ideal of
R, then R/ P is an integral domain. The converse is also true.

PROOF: (=) Assume that R is a commutative ring with unity and P is a prime ideal of R. Let
X,Y € R/P with the usual representation, and assume that XY = Oy ,» = P. By definition of
the operation, XY = (xy) + P; by Lemma 8.52 xy € P. We claim that this implies that x € P
ory€P.

Assume to the contrary that x,y & P. Forany z € (x) (y) , we have z = 37" | (hx) (q2Y)
for appropriate /;,q, € R. Recall that R is commutative and P absorbs multiplication, which
means that z = [ (h,q;)] (xy) € P. Since z was arbitrary in (x) (y), we conclude that (x) (y) C
P. Now P is a prime ideal, so (x) C P or (y) C P; without loss of generality, (x) C P, so that
x € (x)CP.

Since x € P, Lemma 8.52 implies that x + P = P. Thus X =0z ,p.

We took two arbitrary elements of R/ P, and showed that if their product was the zero
element of R/ P, then one of those elements had to be P, the zero element of R/ P. That is, R/ P
is an integral domain.

(<) For the converse, assume that R/ P is an integral domain. Let A, B be two ideals of
R, and assume that AB C P. Assume that A € P and let 2 € A\P; we have however ab € AB C P
forall 5 € P. Thus

(a+P)(b+P)=(ab)+P=P VbeB.

Since R/ P is an integral domain, 5 + P = P for all b € B; by Lemma 8.52 b € P for all » € B.
Hence B C P. We took two arbitrary ideals of R, and showed that if their product was a subset
of P, then one of them had to be a subset of P. Thus P is a prime ideal. O

A corollary gives us an alternate proof of Theorem .8.43.

Corollary 8.57:  In a commutative ring with unity, every maximal ideal is
prime, but the converse is not necessarily true.

PROOF: Let R be a commutative ring with unity, and M a maximal ideal. By Theorem 8.55,
R/M is afield. By Theorem 7.20, R/ M is an integral domain. By Theorem 8.56, M is prime.

The converse is not necessarily true because not every integral domain is a field. O

Exercises.

Exercise 8.58:  Let R =Z; [x] and ] = (x? 4 2x +2).

@  Explain why (x?+x+3)+7=(4x+1)+1.

(b)  Find a factorization of x* +2x +2 in R.

()  Explain why R/ is, therefore, not a field.

(d)  Find two non-zero elements of R/I whose product is the zero element of R/ 1.
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Exercise 8.59: Prove Lemma 8.52.
Exercise 8.60:  Prove Proposition 8.54.

Exercise 8.61:  Consider the ideal 7 = (x?+ 1) in R = R [x]. The purpose of this exercise is

to show that / is maximal.

(@  Explainwhy x> +x+71=x—1+1.

(b)  Explain why every f € R/I has the form r + I for some r € R such that deg r < 2.

(c) Part (a) implies that every element of R/ can be written in the form f = (ax+b) +1
where a,b € C. Show that if f + I is a nonzero element of R/1, then a® + b2 # 0.

d)  Let f+I€R/I be nonzero, and find g +1 € R/I such that g + 1 = (f +1)7"; that is,
(fg)+1=1gs.

()  Explain why part (c) shows that 7 is maximal.

)  Explain why, if R = C|[x], (x?+ 1) is not even prime, let alone maximal. Show further
that this is because the observation in part (b) is false in C.

Exercise 8.62:  Let IF be a field, and f € IF[x] be any polynomial that does not factor in FF [x].
Show that IF [x] / (f) 1s a field.

Exercise 8.63:  Recall the ideal 7 = (x?+y?—4,xy — 1) of Exercise 8.8. We want to know
whether this ideal is maximal. The purpose of this exercise is to show that it is not so easy to
accomplish this as it was in Exercise 8.61.

(@  Explain why someone might think naively that every f € R/I has the form » + I where
r € Rand r = bx+ p(y), for appropriate b € C and p € C[y]; in the same way,
someone might think naively that every distinct polynomial » of that form represents a
distinct element of R/1.

(b)  Show that, to the contrary, 1 +1 = (y> —4y + x +1) +1.

Exercise 8.64:  Determine necessary and sufficient conditions on a ring R such that in R [x, y]:

(@)  theideal I = (x) is prime;
(b)  theideal I = (x,y) is maximal.

8.5: Finite Fields I

Most of the fields you have studied in the past have been infinite: Q,RR,C, etc. Some
fields have not been; in Exercise 7.23 on page 154 you found that Z is not, in general, a field.
You showed in Exercise 7.22 that if 7 is irreducible, then Z, is not only an integral domain,
but a field. However, that does not characterize all finite fields. In this section we will explore
finite fields; in particular we will construct some finite fields and show that any finite field has
p” elements where p,n € N and p is irreducible.?

Before we proceed, we will need the following definition.

BThe converse to this statement is that if p,» € N and p is irreducible, then there exists a finite field with p”
elements. It turns out that this is true, but proving it is beyond the scope of this chapter (or, given current plans,
the scope of these notes.)



5. Finite Fields I 187

Definition 8.65:  Let R be a ring.
o If there exists » € R such that {nr : n €N} is infinite, then R has charac-
teristic zero.
e Otherwise, there exists a smallest positive integer ¢ such that c» = 0y for
all nonzero r € R. In this case, R has characteristic c.

Example 8.66:  The rings Z,Q, R, C have characteristic zero, since
fn-1:nelN}=NCZCQCRCC.

The ring Zg has characteristic 8, since 8- [1] = [0] and no smaller positive integer multiple of [1]
is [0]. Let p be an irreducible integer. By Exercise 7.23, Z , is a field. Its characteristicis p. 4

Given these examples, you might expect the characteristic of a finite ring to be the number of
elements in the ring. This is not always the case.

Example 8.67: Let R =2Z,xZ, = {(a,b):a €Z,,b € Z,}, with addition and multiplica-
tion defined in the natural way:

(a,b

)+ (c,d)=(a+c,b+4d)
(a,b)-

(c,d) = (ac,bd).

It is not hard to show that R is a ring; we leave it to Exercise 8.72. It has eight elements,

R = {([0],,0],), ([0]> [1]4) » ([0, [2],) » ([0]5 [3]4)
(1125 [0]4) s (125 (1) > ([1]55 [214) » ([1]55 314) }-

However, the characteristic of R is not eight, but four:
e foranya € Z,, we know that 22 = [0], , so 42 = 2[0], = [0],; and
e forany b € Z,, we know that 46 = [0],; thus
e forany (a,b) €R, we see that 4 (a,b) = (4a,4b) = ([0],,[0],) = 0. 4

That said, we can make the following observation.

Proposition 8.68:  In a commutative ring R with multiplicative identity 1g,
the characteristic of a ring is determined by the multiplicative identity. That is, if ¢
is the smallest positive integer such that ¢ - 15 = O, then c is the characteristic of the
ring.

PROOF: You do it! See Exercise 8.73. O

In case you are wondering why we have dedicated this much time to Definition 8.65 and
Proposition 8.68, which are about rings, whereas this section is supposedly about fields, don’t
forget that a field is a commutative ring with a multiplicative identity and a little more. Thus
we have been talking about fields, but we have also been talking about other kinds of rings as
well. This is one of the nice things about abstraction: later, when we talk about other kinds of
rings that are not fields but are commutative and have a multiplicative identity, we can still apply
Proposition 8.68.
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At any rate, it is time to get down into the dirt of building finite fields. The standard
method of building a finite field is different from what we will do here, but the method used
here is an interesting application of quotient rings.

Notation 8.69:  Our notation for a finite field with 7 elements is F,. However, we cannot yet
say that F, = Z , whenever p is prime.

Example 8.70:  We will build finite fields with four and sixteen elements. In the exercises, you
will use the same technique to build fields of nine and twenty-seven elements.

Casel. TF,

Start with the polynomial ring Z, [x]. We claim that £ (x) = x? + x + 1 does not factor
in Z, [x]. If it did, it would have to factor as a product of linear polynomials; that is,

f(x)=(x+a)(x+b)

where a,b € Z,. This implies that @ is a root of / (remember that in Z,, 2 = —a), but f has no
zeroes:

f(0)=0"4+0+1=1and
fH=17+1+1=1.

Thus f does not factor. By Exercise 8.62, I = (f) is a maximal ideal in R = Z, [x], and by
Theorem 8.55, R/ is a field.

How many elements does this field have? Let X € R/I; choose a representation g + 1 of
X where g € R. We assume that deg g < 2. Why? If deg ¢ > 2 then we can subtract multiples of
/s since f +1I is the zero element of R/, this does not affect X .

Given that degg < 2, there must be two terms in g: x! and x°. Each of these terms
can have one of two coefficients: 0 or 1. This gives us 2 x 2 = 4 distinct possibilities for the
representation of X; thus there are 4 elements of R/I. We can write them as

I, 1+1, x+1I, x+1+1.

Case 1. TFy

Start with the polynomial ring Z, [x]. We claim that £ (x) = x* 4 x + 1 does not factor
in Z, [x]; if it did, it would have to factor as a product of either a linear and cubic polynomial,
or as a product of two quadratic polynomials. The former is impossible, since neither O nor 1 is
azero of f. As for the second, suppose that f = (x2 +ax+b) (x2 +cx+d),wherea,b,c,d €
Z,. Let’s consider this possibility: If

rrxrt=x*4(a+c) P+ (ac+b+d)x*+ (ad + be) x +db,

and since (from linear algebra) equal polynomials must have the same coefficients for like terms,
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we have the system of linear equations

a+c=0 (21)
ac+b+d=0
ad+bc=1
bd =1.
From (21) we conclude that 2 = —c, but in Z, this implies that 2 = ¢. The system now simplifies
to
+b+d=0 (22)
a(b+d)=1 (23)
bd =1. (24)
Again, in Z, we know that 4? = 4 regardless of the value of 4, so (22) impliesa = — (b +d) =

b +d. Substituting this into (23), we have 4?> = 1, which implies that 2 = 1. Hence b +d =
1, which implies that one of 4 and d is 1, while the other is 0. This implies that 4d = 0,
contradicting (24).

Thus f does not factor. By Exercise 8.62, I = (f) is a maximal ideal in R = Z, [x], and
by Theorem 8.55, R/ is a field.

How many elements does this field have? Let X € R/I; choose a representation g + I of
X where g € R. Without loss of generality, we can assume that deg g < 4, since if deg g > 4 then
we can subtract multiples of £ since f + I is the zero element of R/ 1, this does not affect X.

Since degg < 4, there are four terms in g: x°, x?, x!, and x°. Each of these terms
can have one of two coefficients: [0] or [1]. This gives us 2* = 16 distinct possibilities for the
representation of X ; thus there are 16 elements of R /1. We can write them as

1, 141, x+1, x+1+1,
x2 41 x24+1+1, x24+x+1, x24+x+1+1,
x> 41, x3+1+1, x4+, xHx+14+1,

BHx24+I, P42+ 1+1, PP Hx+I, P x+1+41 S

You may have noticed that in each case we ended up with p” elements where p = 2. Since we
started with Z ,, you might wonder if the generalization of this to arbitrary finite fields starts
with Z , [x], finds a polynomial that does not factor in that ring, then builds the quotient ring.
Yes and no. One does start with Z , and if we could find an irreducible polynomial of degree 7
over Z,, then we would be finished. Unfortunately, finding an irreducible polynomial of Z , is
not easy.

Instead, one considers f (x) = x?" — x; from Euler’s Theorem (Theorem 6.45) we deduce
(viainduction) that f (a) = Oforalla € Z ,. One can then use field extensions from Galois Theory
to construct p” roots of £, so that f factors into linear polynomials. Extend Z , by those roots;
the resulting field has p” elements. However, this is beyond the scope of this section. We settle
instead for the following.
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Theorem 8.71:  Suppose that [F,, is a finite field with n elements. Then n is a
power of an irreducible integer p, and the characteristic of F,, is p.

PROOF: The proof has three steps.?®
First, we show that IF,, has characteristic p, where p is an irreducible integer. Let p be
the characteristic of IF,), and suppose that p = ab for some positive integers a, b. Now

Op =p-1p =(ab)-1g = (a-1g ) (b1 ).

Recall that a field is an integral domain; by definition, it has no zero divisors. Hencea- 1y = O
or b-1p =0 ; without loss of generality, 2- 1z = Op . By Proposition 8.68, p is the smallest
positive nintegetif ¢ such that ¢- 1y = O ; thus ; <a. ﬂHowever, a divides p, so a < p. This
implies thata = p and b = 1; since p= b was an arbitrary factorization of P, p is irreducible.

Second, we claim that for any irreducible ¢ € IN that divides » = |F,|, we can find
x € F, such that g-x = Op . Let ¢ € IN such that g is irreducible and ¢ divides » = |F,|.
Consider the additive group of F,. Let

q
L= {<al,az,...,aq> €F7: Z“i :0};
=1

that 1s, £ is the set of all lists of g elements of IF,, such that the sum of those elements is the
additive identity. For example,

q-0p =0 +0p +--4+0p =0f,

SO <O]F ’O]F ""’O]F ) GE
Forany o € §,, the commutative property of addition implies that o <al,az, e ,aq> eL.

In particular, if o € << 12 --¢ )) then o (al,az, ... ,aq> € L. In fact, when we permute any
element A€ Lbysomeo € ((1 2 -+ g )),then o (A) # A implies that ¢ # ( 1 ) and A has
at least two distinct elements. Assume that o # ( 1 );if o (A) # A, then all the permutations of
((1 2 -+ q)) generate g different lists. Let
o M, be the subset of £ such that A € £ and 0 (4) = A forall o € S, implies that A € M;;
and
e M, be the subset of £ such that A € £ and o (A) # A implies that exactly one permutation
of A is in M,, though perhaps not A itself.
Notice that ¢ <OIFﬂ,O]Fns---’OIFn> = <O]Fﬂ’o]Fns--->Oan>s o) <01Fn’O]Fn""’O]Fn> € M, without
question. In fact, the elements of M, are those tuples whose entries are identical; that is,
<d1,--.,ﬂq> eMiffa = = a,. On the other hand, if we let M; = £\ M,, then for
any A € M5 we can find B € M, such that o (A) = B.
Let |[M,| = r and |[M,| =s; then

1] = M|+ q!-[My] = 7 4+ q1-s.

26 Adapted from the proofs of Theorems 31.5, 42.4, and 46.1 in [AF05].
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In addition, when constructing £ we can choose any elements from [F,, that we want for the first
g — 1 elements; the final, gth element is determined to be — <dl +a,+--+ “q—l) , SO

L] =|F, |77 =n".

By substitution,
nlt=r4q!.s.

Recall that g | n, say n = gd for d € N, so

(gd)T ' =r4q!-s
q[d(qd)" = (q-1)ts] =7,

so g | r. Since (O]Fn,O]Fn,...,OIFn) € L, we know that » > 1. Since ¢q | 7, some non-zero x € F,
is in M, implying that
q-x=0F .

Third, we claim that for any irreducible ¢ € Z that divides n, ¢ = p. Let ¢ be an
irreducible integer that divides 7. Using the second claim, choose x € [F,, such that g -x = O .
Since the characteristic of IF,, is p, we also have px = 0. Consider the additive cyclic group (xs,
by Exercise 2.59 on page 42, ord(x) | p , but p is irreducible, so ord (x) = 1 or ord (x) = p.
Since x # Op , ord(x) # 1; thus ord(x) = p. Likewise, p | ¢, and since both p and g are
irreducible this implies that g = p.

We have shown that if ¢ | 7, then ¢ = p. Thus all the irreducible divisors of 7 are p, so
n is a power of p. O

A natural question to ask is whether F » exists for every irreducible p and every n € N
You might think that the answer is yes; after all, it suffices to find an polynomial of degree 7 that
is irreducible over IF . However, it is not obvious that such polynomials exist for every possible
p and 7. That is the subject of Section 9.3.

Exercises.

Exercise 8.72:  Recall R =Z, x Z, from Example 8.67.

(a) Show that R is a ring, but not an integral domain.

(b)  Show that for any two rings R, and R,, Ry X R, is a ring with addition and multiplication
defined in the natural way.

(c) Show that even if the rings R, and R, are fields, R; x R, is not even an integral domain,
let alone a field. Observe that this argument holds true even for infinite fields, since the
rings R, and R, are arbitrary.

(d) Show that for any 7 rings R{,R,,...,R,, Ry X R, X -+ x R is a ring with addition and
multiplication defined in the natural way.

Exercise 8.73:  Prove Proposition 8.68.
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Exercise 8.74:  Build the addition and multiplication tables of the field of four elements that
we constructed in Example 8.70 on page 188.

Exercise 8.75:  Construct a field with 9 elements, and list them all.
Exercise 8.76:  Construct a field with 27 elements, and list them all.

Exercise 8.77:  Does every infinite field have characteristic 0?

8.6: Ring isomorphisms

Just as we found with groups, it is often useful to show that two rings are essentially the
same, as far as ring theory is concerned. With groups, we defined a special mapping called a group
homomorphism that measured whether the group operation behaved similarly. We would like to
do the same thing with rings. Rings have two operations rather than merely one, so we have to
measure whether both ring operations behave similarly.

Definition 8.78:  Let R and S be rings. A function f : R — § is a ring homo-
morphism if for all 4,5 € R

flatb)=f(a)+f(b) and f(ab)=f(a)] (D).
If, in addition, f is one-to-one and onto, we call it a ring isomorphism.

Example 8.79:  Let f : Z — Z, by f (x) = [x]. The homomorphism properties are satisfied:
fety)=lx+ty]=k+Dl=7/0)+f )

and f is onto, but f is certainly not one-to-one, inasmuch as f (0) = f (2). 4
On the other hand, consider Example 8.80.

Example 8.80: Let f : Z — 2Z by f (x) = 4x. In Example 4.3 on page 73 we showed that
this was a homomorphism of groups. However, it is 7ot a homomorphism of rings, because it
does not preserve multiplication:

f(xy)=4xy but f(x)f(y)=(4x) (4y) = 16xy # f (xy) .4

Example 8.80 drives home the point that rings are more complicated than groups on account
of having two operations. It is harder to show that two rings are homomorphic, and therefore
harder to show that they are isomorphic. This is especially interesting in this example, since we
had shown earlier that Z = nZ as groups for all nonzero n. If this is the case with rings, then
we have to find some other function between the two. Theorem (8.81) shows that this is not
possible, in a way that should not surprise you.

Theorem 8.81:  Let R be a ring with unity. If there exists an onto homomor-
phism berween R and another ring S, then S is also a ring with unity.
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PROOF: Let § be a ring such that there exists a homomorphism f between R and §. We claim
that f (1z) is an identity for .

Let y € S; the fact that R is onto implies that f (x) = y for some x € R. Applying the
homomorphism property,

y=f(x)=f(x-1g) =f(x)f(1g) =y (1g).

A similar argument shows that y = f (13)-y. Since y was arbitrary in S, f (1z) is an identity
for . O

We can deduce from this that Z and #Z are not isomorphic as rings whenever 7 # 1:
e to be isomorphic, there would have to exist an onto function from Z to nZ;
e Z has a multiplicative identity;
e by Theorem 8.81, nZ would also have to have a multiplicative identity;
e but nZ does not have a multiplicative identity when 7 # 1.
We should also identify some other properties of a ring homomorphism.

Theorem 8.82:  Let R and S be rings, and | a ring homomorphism from R to
S. Each of the following holds:

(4)  f(Og) =0Os;

(B)  forallx €R, f (—x)=—f(x);

(C)  forall x €R, if x has a multiplicative inverse and f is onto, then f (x) has
a multiplicative inverse, and f (x~1) = f (x)™",

PROOF: You do it! See Exercise 8.87 on page 196. O
We have not yet encountered an example of a ring isomorphism, so let’s consider one.

Example 8.83:  Let p = ax+ b € Q|[x], where a # 0. Recall from Exercise 8.62 that (p) is
maximal in Q [x]. Let R = Q[x] and I = (p); by Theorem 8.55, R/ is a field.
Recall that Q is also a field; are Q and R /I isomorphic? Let f : Q — R/ in the following
way: let f (¢) =x +1 for every c € Q. Is f a homomorphism?
Homomorphism property? Let ¢,d € Q; using the definition of f and the properties of coset
addition,

flc+d)=(c+d)+I=(c+D)+(d+I1)=f(c)+f(d).

Likewise,
fled) = (cd)+1=(c+ D) (d+T)=f () f (d).
One-to-one? Letc,d € Qandsupposethat f (¢) = f (d). Thenc+1=d +1,

which implies that ¢ —d € I. By the closure of Q, ¢ —d is a
rational number, while I = (ax + b) is the set of all multiples of
ax + b. Since a # 0, the only rational number in 7 is 0, which
implies that c —d =0,s0 c =d.
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Onto? Let X € R/I; choose a representation X = p + I where p €
Q [x]. Divide p by ax + & to obtain

p=qlax+b)+r

where ¢, 7 € Q[x] and degr < deg(ax + &) = 1. Hence

pHI=[q(ax+b)+r|+I=[q(ax+b)+I|+(r+1)=1+(r+1)=7r+

Now deg r < 1 implies that deg» =0, or in other words that r is
a constant. The constants of Q [x] are elements of Q, so r € Q.
Hence

f(r)y=r+I=p+I,

and f is onto.
We have shown that there exists a one-to-one, onto ring homomorphism from Q to Q [x]; as a
consequence, Q and Q [x] are isomorphic as rings. 4

We conclude with an important result. First, we need to revisit the definition of a kernel.

Definition 8.84:  Let R and S be rings, and f : R — § a homomorphism of
rings. The kernel of f, denoted ker £, is the set of all elements of R that map to

OS That iS,
kerf={xeR: f(x)=04}.

You will show in Exercise 8.88 that ker /" is an ideal of R, and that the function g : R — R/ ker f
by g (x) = x +ker f is a homomorphism of rings.

Theorem 8.85:  Let R,S be commutative rings, and f : R — S an onto ho-
momorphism. Let g : R — R/ ker f be the natural homomorphism g (r) =
r +ker f. There exists an isomorphism b : R/ ker f — S such that f = hog.

PROOF: Define h by h(X) = f (x) where X = x +kerf. Is f an isomorphism? Since its

domain consists of cosets, we must show first that it’s well-defined:

well-defined?  Let X € R/ ker f and consider two representations X = x +ker f and X =
y +ker f. We must show that 5 (X) has the same value regardless of which
representation we use. Now x +ker/ = X = y 4 ker f, so by properties of
cosets x —y € ker f. From the definition of the kernel, f (x —y) = 05. We can
apply Theorem 8.82 to see that

soh(y+kerf)=f(y)=f(x)=h(x+kerf). In other words, the represen-
tation of X does not affect the value of 5, and » is well-defined.
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homomorphism property?  Let X,Y € R/kerf and consider the representations X = x +
ker f and Y =y + ker /. Since f is a ring homomorphism,

h(X+Y)=h((x+kerf)+ (y+kerf))
=h((x+y)+kerf)
=f(x+y)
=f(x)+f()
=h(x+kerf)+ f(y+kerf)
=h(X)+h(Y)
and similarly
h(XY)=h((x+kerf) (y+kerf))
=h ((xy) +ker f)
=/ (xy)
=f(x)f ()
=h(x+kerf) f(y+kerf)
=h(X)-h(Y).

Thus 5 is a ring homomorphism.

one-to-one? Let X,Y € R/ ker f and suppose that » (X) = h (Y"). By the definition of 5,
f(x)=f(y) where X = x +ker f and Y =y + kery for appropriate x,y € R.
Applying Theorem 8.82, we see that

f)=f)=/f(x)=f () =0
== f(x—y) =0
= x—y€kerf
= x+kerf =y+kerf,

so X =Y. Thus 5 is one-to-one.
onto? Let y € S. Since f is onto, there exists x € R such that f (x) = y. Then
h(x+kerf)=f(x)=y,so0h is onto.
We have shown that 5 is a well-defined, one-to-one, onto homomorphism of rings. Thus 4 is an
isomorphism from R/ ker f to §. O

Example 8.86: Let f:Q[x] > Qby f (p) = p (2) for any polynomial p € Q [x]. That is, f
maps any polynomial to the value that polynomial gives for x = 2. For example, if p = 3x> —1,
then p (2) =3(2)>—1=23,50 f (3x®>—1) = 23.

Is f a homomorphisms For any polynomials p,q € Q [x] we have

fp+q)=(p+q)(2);
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applying a property of polynomial addition we have

f(r+a)=(+a)(2)=p2)+q(2)=/(p)+/(q).

A similarly property of polynomial multiplication gives

f(pa)=(pq)(2)=p(2)-q(2)=f(p)f(q),

so f is a homomorphism.
Is f onto? Let a € Q; we need a polynomial p € Q [x] such that p (2) = a. The easiest
way to do this is use a linear polynomial, and p = x + (4 —2) will work, since

fp)=p@2)=24(a-2)=a.

Hence f is onto.

Is f one-to-one? The answer is no. We already saw that f (3x> —1) = 23, and from our
work showing that f is onto, we deduce that f (x +21) =23, so f is not one-to-one.

Let’s apply Theorem 8.85 to obtain an isomorphism. First, identify ker f: it consists
of all the polynomials p € Q[x] such that p (2) = 0. The Factor Theorem (Theorem 7.31 on
page 158) implies that x — 2 must be a factor of any such polynomial. In other words,

ker f ={pe€Q[x]: (x—2) divides p} = (x —2).

Since ker /' = (x —2), Theorem 8.85 tells us that there exists an isomorphism between the quo-
tient ring Q [x] / (x —2) and Q.

Notice, as in Example 8.83, that x —2 is a linear polynomial. Linear polynomials do not
factor. By Exercise 8.62, (x — 2) is a maximal ideal; so Q [x] / (x —2) must be a field—as is Q. 4

Exercises.

Exercise 8.87: Prove Theorem 8.82.

Exercise 8.88:  Let R and § be rings, and f : R — § a homomorphism of rings.
(@  Show that ker f is an ideal of R.
(b)  Show that the function g : R — R/ ker f by g (x) = x +ker f is a homomorphism of

rings.

Exercise 8.89:  Let R be a ring and 4 € R. The evaluation map with respect to a is ¢, :

R[x] = Rby ¢, (f)=f (a); that is, ¢, maps a polynomial to its value at a.

@ IfR=Q[x]anda=2/3,findg, (2x*—1) and ¢, (3x —2).

(b)  Show that the evaluation map is a ring homomorphism.

(¢)  Recall from Example8.83 that Q is isomorphic to the quotient ring Q [x]/ (ax + b)
where ax + b € Q[x] is non-zero. Use Theorem 8.85 to show this a different way.
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Exercise 8.90:  Use Theorem 8.85 to show that Q [x] / (x?) is isomorphic to

(50))ee

Exercise 8.91:  In this exercise we show that R is not isomorphic to Q as rings, and C is not
isomorphic to R as rings.
(@)  Assume to the contrary that there exists an isomorphism f from R to Q.
(1) Use the properties of a homomorphism to find f (1).
(i)  Use the result of (i) to find f (2).
(i)  Use the properties of a homomorphism to find f <x/§) This should contradict
your answer for (it).

(b)  Find a similar proof that C and R are not isomorphic.

Exercise 8.92:  Let p € Zbeirreducible,and R = Z, [x]. Show that ¢ : R > Rby ¢ (f) = f?
is an automorphism. This is called the Frobenius automorphism.

Exercise 8.93:  Show that if R is an integral domain, then Frac (R) is isomorphic to the inter-
section of all fields containing R as a subring.

8.7: A generalized Chinese Remainder Theorem

In Chapter 6, we described the Chinese Remainder Theorem as it was traditionally for-
mulated for number theory; that is, over the ring of integers (Theorems 6.13 and 6.20). However,
it is possible to extend the Chinese Remainder Theorem to other rings.

How can we do this? One way would be to think about how we have already generalized
the integers to rings. The ring of integers is a special case of a Euclidean Domain; in Euclidean
Domains, one can use the Euclidean Algorithm to compute greatest common divisors; this was
a key step in constructing a solution for the system posed in the Chinese Remainder Theorem.
We would thus expect that, in a Euclidean Domain, we should be able to replicate the same steps
that we used over the integers.

In fact, we can do something in a much more general case, so we will start with that. To
understand the following, you might need to review the definition of some ideal arithmetic as
given in Exercise 8.23.
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Theorem 8.94 (The Chinese Remainder Theorem):  Let A, A,, ..., A, be
ideals of a ring R, and suppose that

e RR+A; =R forall i, and

o Aj+A; =Rforalli 7é]
Letay,a,,...,a, €R. There exists x € R such that

X Eﬂl +A1,
X edz +A2,

x€a,+A,

and x is unique modulo (\'_ | A; (where (\!_ | A; = A;NA;N---NA).

How does this generalize the Chinese Remainder Theorem on Z? Let’s consider how the latter
fits in with the former, leaving many of the details to the exercises.

e In Theorem 6.20, we are working in the ring of integers; that is, R = Z.

e The assumptions of Theorem 6.20 are that we have 7 integers m, m,, ..., m,, that satisty
ged <mi, m]-> = 1for z # j. Since Z is a principal ideal domain (Section 8.2), it makes
sense that A; = (m,), A, = (m,), ..., A, = (m,,).

o Since m; and m; are relatively prime for i # j, it turns out that, in fact, A; + A; =
(1)=Z=R.

o In addition, it is straightforward to show that RR + A; = R. (Here we consider R to
be an ideal of the ring R.)

e The a; € Z correspond to the 4; € R, and if [x] = [«;], then x €4, + A;.

e For uniqueness, since ged (mi,m]-> = 1fori # j, we have A;N---NA, = (my)N---N
(m,) = (mym,---m,) = (N). Since [x] is unique in Zy;, we have x unique in Z/ (N) =
R/(A;N---NA,,).

We are not quite ready to prove the Chinese Remainder Theorem; first we need to develop some
arithmetic with ideals, generalizing somewhat the arithmetic of Exercise 8.23.

Lemma 8.95:  Let A,B,C,D be ideals. Then (A+B)(C+D)=AC+AD +
BC +BD.

n

PROOF: Let x € (A+B) (C + D). By the definition given in Exercise 8.23, there exists » € N
such that

0= (a4 by) (c;+ dy)

=1

= Z (dici +didi + bici + bidi)
=1

n n n n
= Zdici +Zdidi +Zbici +Zbldl
i=1 =1 1=1 1=1

€ AC+AD +BC +BD.
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Hence (A+B)(C+D) CAC +AD + BC + BD. A similar argument shows the reverse inclu-
sion, and we are done. O

Lemma 8.96:  If A and B are ideals, then AB C A and AB C B.

PROOF: Let x € AB; by Exercise 8.24, x e ANB C A. Likewise, x € B. O
Now we can prove the Chinese Remainder Theorem.

PROOF OF THE CHINESE REMAINDER THEOREM: From the assumption that A; + 4, = R
and A;+A; =R,
RR - (Al +A2) (Al +A3) .

By Lemma 8.95,

Three of these ideal products contain A, as a factor; by Lemma 8.96 so we can rewrite this as
RR C A, +A)A;.
From Exercise 8.24, A,A; C A, NA;, so
RRCA, + (A,N4y). 25)
From the assumption that RR + A; = R, we can apply (25) to obtain
R=A;+RRCA;+ (A1 +(A4,NA3)).
We can rewrite this as
RC (A +A4,)+ (A;NA4;) = A, + (A;,NA4;) = R.

Thus (25) is actually an equality. Since A; + (A,NA;) = R, we can apply the same technique
repeatedly to obtain R = A; + (A,N---NA,,), then generalize the argument to show that R =

A+ 2 A

Consider arbitrary i. Since a; € R, we have a; € A; —|—ﬂ].7él.A]-. Hence we can find b; € A;
and¢; € ﬂ].#A/ such thata; = b, +¢;. Since b, € A;, a; —c; €A,.

Letx =¢;+--+4c,. Leti € {1,...,n}. For any j # i; we have ¢ € ﬂk#].Ak CA;, so
¢; €A;. On the other hand, ¢; = a; — b; where b; € A;. Thus

X :ci—i—ch

7

=a;+ (—bl-—i-ch) .

7
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Since b; and each ¢j are in A;, their sum is also in A4;, so
X € ﬂl' +Al

as desired.
Is x unique? Suppose that there exists y € R such that y € a; + A, for each ;. Then
x —y €A, for each i, so that x —y € (}_ A;. This implies that

x—l—ﬁAl— :y+ﬁAi5
=1 =1

in other words, x is unique modulo A;NA,N---NA,,. O

Unfortunately, constructing the solution x is not as straightforward in an arbitrary ring
as it is in Z. As noted before, however, if the ring is a Euclidean Domain, then A; = (r) and
ﬂ].#Aj = (s) for some r,s € R, and the assumptions above imply that ged (7,s) = 1. We can
thus find 7,5 € R such that 1 =77 +75s,s0 4, = ;77 +a;5s. Set ¢; = a;ss for each 7, and the
solution will be x = ¢; +---+¢,,.

Exercises

Exercise 8.97:  Let R = Q [x]. Find the unique solution to the system
{ fex+(x?+1)
fex+(x’—1)
modulo (x?+1)N{x’ —1).
Exercise 8.98:  Repeat Exercise 8.97, but with R = Z; [x] instead.
Exercise 8.99:  Although RR = R if R = Z, there are rings R such that RR # R. Find an

example.

Exercise 8.100:  Explain why we cannot find a solution to the system of Exercise 8.97 if we
change the ring to R = Z [x].

Exercise 8.101:  Show that in a Euclidean Domain, if ged (x,y) = 1, then (x) + (y) = (1),
where (1) is the ring itself.

Exercise 8.102:  Show that if R = Z, and A is any ideal of R, then RR+A =R.

8.8: Nullstellensatz

In this section,
e [F is an algebraically closed field—that is, all polynomials over F have their roots in IF;
e R=1F/[x;,%,,...,x,] is a polynomial ring;
e FCTR;
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e Vi CIF” is the set of common roots of elements of F;*’

e [ =(F);and

e G=1(g,%,---,8,,) is a Grobner basis of I with respect to an admissible ordering.
Note that C is algebraically closed, but R is not, since the roots of x2 4+ 1 € R [x] are not in R.

Lemma 8.103: T is infinite.

PROOF: I need this. U

Definition 8.104:  The radical of an ideal A is

VA={peR:p*cATaecN"].

Theorem 8.105:  If Vy =0, then I =R.

PROOF: We proceed by induction on 7, the number of variables.

Inductive base: Let n = 1. Recall that in this case, R is a Euclidean domain, and hence
a principal ideal domain. Thus I = (f) for some f € R. If V; =0, then f has no roots in F.
However, F is algebraically closed, so f must have no roots in any field. This is possible only if
f is constant.?8

Inductive hypothesis: Let B € N, and suppose that in any polynomial ring over a closed
field with 7 = k variables, Vi = 0 implies I = R.

Inductive step: Let n =k + 1. Assume Vp = 0. If /] is constant, then we are done; thus,
assume f; is constant. Let d be the maximum degree of a term of f;. Rewrite f; by substituting

X1 =)o

Xy =Yy T A

Xn=Dn + auY15
for some ay,...,a, € F. After this substitution,

fi=oyd g (peeesny)

where c € F and deg, g < d. Since F is infinite, we can choose ,,...,a,, such that ¢ # 0.
Let o : R — F|yy,...,7,] by

@ (f (xp50-5%,)) = F VY2 a5, Ha,01);

that is, ¢ substitutes every element of R with the values that we obtained so that f; would have
the special form above. This is a ring isomomorphism (Exercise 8.107), so that in this case,

2"The notation V comes from the term variety in algebraic geometry.
28This requires Kronecker’s Theorem. We have to see if we can work it in here, or later, and subsequently move this
theorem to a more appropriate location.
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J =¢(I) is an ideal of Fyy,...,,]. Note that if V; # 0, then any & € V} can be transformed
into an element of V. (see Exercise 8.108); hence V; =0 as well.

Now let 7 : Flyy,....,5,] — F[y,,...,2,] by n(g) = g (0,3,-.-,7,,)- Again, K =7 (])
is an ideal, though the proof is different (Exercise 8.110). We claim that if Vi # 0, then likewise
V; #0. To see why, let h € 7 (F [yy,...,,]), and suppose b € IF"~! satisfies b (b) = 0. Let g be
any element of IF[yy,...,y,] such that n (g) = b; then

g (0,byserby 1) =h(by,....H, ) =0,

so that we can prepend 0 to any element of Vi and obtain an element of V. Since V; = 0, this
is impossible, so Vi =0.

Since Vx = 0 and K C F[y,,...,7,], the inductive hypothesis finally helps us see that
K =F]ly,,...,7,]. In other words, 1 € K. Since K C ] (see Exercise ), 1 €]. Since ¢ (f) € F if
and only if / € F (Exercise 8.109), there exists some f € (F) such that f € F. O

Exercises

Exercise 8.106:  Show that the intersection of two radical ideals is also radical.
Exercise 8.107:  Show that ¢ in the proof of Theorem 8.105 is a ring isomomorphism.

Exercise 8.108:  Show that for ¢ in the proof of Theorem 8.105, any b € V5 can be rewrit-
ten to obtain an element of V. Hint: Reverse the translation that defines ¢.

Exercise 8.109:  Show that for ¢ in the proof of Theorem 8.105, ¢ (/) € F if and only if
f eF.

Exercise 8.110:  Show that for 7 in the proof of Theorem 8.105, if ] is an ideal of F [y, ..., 7, ],
then 7 (/) is an ideal of F|y,,...,y,]. Hint: Fly,...,y,] € Fly;...,y,] and n(J) =] N
F[x,,...,7,] isan ideal of F [y,,...,y,].



Chapter 9:

Rings and polynomial factorization

In this chapter we begin a turn toward applications of ring theory. In particular, here we
will build up some basic algorithms for factoring polynomials. To do this, we will revisit the
Chinese Remainder Theorem that we studied in Chapter 6, study more precisely the rings that
factor, then delve into the algorithms themselves.

In this chapter, every ring is an integral domain, unless otherwise specified.

9.1: The link between factoring and ideals

We start with two important problems for factorization: the link between factoring and
ideals, and the distinction between irreducible and prime elements of a ring.

As for the latter, we mentioned in Chapter 6 that although irreducible integers are prime
and vice-versa, the same would not hold true later. Here we want to explore the question,

When is a prime element of a ring irreducible, and vice-versa?

Before answering that question, we should first define what are meant by the two terms. In fact,
their definitions are identical to the definitions in Chapter 6. Compare the definitions below to
Definitions 6.1 and 6.29.

Definition 9.1:  Let R be a commutative ring with unity, and 4, b, c € R\ {0}.
We say that
e 4 is a unit if 2 has a multiplicative inverse;
e a and b are associates if 4 = bc and ¢ is a unit;
e a is irreducible if 2 is not a unit and for every factorization a = bc, one
of b or ¢ is a unit; and
e 4 is prime if 4 is not a unit and whenever a | b¢, we can conclude that
alboralc.

Example 9.2:  Consider the ring Q [x].
e The only units are the rational numbers, since no polynomial has a multiplicative inverse.
e 4x?+6 and 6x% + 9 are associates, since 4x% + 6 = % (6x%+9). Notice that they are not
associates in Z [x], however.
e x +q is irreducible for every g € Q. x%+ ¢ is also irreducible for every g € Q such that
q > 0. A

The link between divisibility and principal ideals (Exercise 8.17(b)) implies that we can rewrite
Definition 9.1 in terms of ideals.

Theorem 9.3:  Let R be an integral domain, and let a,b € R.

(A)  aisaunitif and only if (a) = R.

(B)  aand b are associates if and only if (a) = (b).

(C)  Ina principal ideal domain, a is irveducible if and only if (a) is maximal.

(D) In a principal ideal domain, a is prime if and only if (a) is prime.

PROOF: We show (A) and (C), and leave (B) and (D) to the exercises.
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(A) This is a straightforward chain: 4 is a unit if and only if there exists & € R such that
ab = 1g if and only if 15 € (a) if and only if R = ().

(C) Assume that R is a principal ideal domain, and suppose first that 4 is irreducible. Let
B be an ideal of R such that (¢) C B C R. Since R is a principal ideal domain, B = () for some
b €R. Sincea € B=(b),a = rb forsome r € R. By definition of irreducible,  or b is a unit. If
r is a unit, then by definition, 4 and b are associates, and by part (B) (a) = (£) = B. Otherwise,
b is a unit, and by part (A) B = (£) = R. Since (a) C B C R implies () = B or B = R, we can
conclude that (4) is maximal.

For the converse, we show the contrapositive. Assume that a is not irreducible; then
there exist 7,6 € R such that @ = rb and neither » nor b is a unit. Thus a € (b) and by
Lemma 8.28 and part (B) of this lemma, (2) € (4) € R. In other words, (4) is not maximal. By
the contrapositive, then, if (2) is maximal, then 4 is irreducible. O

Remark 9.4:  In the proof, we did 7ot need the assumption that R be a principal ideal domain
to show that if (4) is maximal, then 4 is irreducible. So in fact this remains true even when R is
not a principal ideal domain.

On the other hand, if R is not a principal ideal domain, then it can happen that a is
irreducible, but (z) is not maximal. Returning to the example C [x,y] that we exploited in
Theorem 8.45 on page 180, x is irreducible, but (x) € (x,y) € C [x,y].

In a similar way, the proof you develop of part (D) should show that if (a) is prime, then
a is prime even if R is not a principal ideal domain. The converse, however, might not be true.
In any case, we have the following result.

We do need R to be an integral domain to show (B). For a counterexample, consider
R =2Z; we have (2) = (4),but 2-2 =4 and 4-2 = 2. Neither 2 nor 4 is a unit, so 2 and 4 are not
associates.

Theorem 9.5:  Let R be an integral domain, and let p € R. If (p) is maximal,
then p is irreducible, and if (p) is prime, then p is prime.

It is now easy to answer part of the question that we posed at the beginning of the section.
Corollary 9.6:  In a principal ideal domain, if an element p is irreducible, then
it is prime.

PROOF: You do it! See Exercise 9.11. g
The converse is true even if we are not in a principal ideal domain.

Theorem 9.7:  If R is an integral domain and p € R is prime, then p is irre-
ducible.

PROOF: Let R be a ring with unity, and p € R. Assume that p is prime. Suppose that there
exist @, b € R such that p factors as p = ab. Since p-1 = ab, the definition of prime implies
that p |2 or p | b. Without loss of generality, there exists ¢ € R such that pg = a. By substition,
p =ab = (pq)b. Since we are in an integral domain, it follows that 1z = gb; that is, b is a
unit.
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We took an arbitrary prime p that factored, and found that one of its factors is a unit. By
definition, then, p is irreducible. O

To resolve the question completely, we must still decide whether:
1. an irreducible element is prime even when the ring is not a principal ideal domain; or
2. aprime element is irreducible even when the ring is not an integral domain.
The answer to both question is, “only sometimes”. We can actually get there with a more so-
phisticated structure, but we don’t have the information yet.

Example 9.8:  Let
Z[\/—_S:I :{a—i—b«/—_S:a,bGZ}.

You will show in the exercises that this is a ring. It is also not a principal ideal domain. Rather
than show this directly, consider the fact that

6=2-3=(1++/-5) (1-v/-5).

It is not hard to see that 2, 3, 14 4/—5, and 1 — /=5 are irreducible in this ring. The above
equation implies that they cannot be prime, either, since (for example) 2 divides the product
(1 + +/ —5) E 1—+ —5) but neither of the factors. We know from Corollary 9.6 that irreducibles

are prime in a principal ideal domain; hence, Z |:1/ —5:| must not be a principal ideal domain. 4

Example 9.9:  Consider the ring Z,q. It is not hard to verify that 2 is a prime element of Z .
However, 2 is not irreducible, since 2 =72 = 12 6, neither of which is a unit. /

We have now answered the question posed at the beginning of the chapter:

e If R is an integral domain, then prime elements are irreducible.

e If R is a principal ideal domain, then irreducible elements are prime.
Because we are generally interested in factoring only for integral domains, many authors restrict
the definition of prime so that it is defined only in an integral domain. In this case, a prime
element is always irreducible, although the converse might not be true, since not all integral
domains are principal ideal domains. We went beyond this in order to show, as we did above,
why it is defined in this way. Since we maintain throughout most of this chapter the assumption
that all rings are integral domains, one could shorten this (as many authors do) to,

A prime element is always irreducible, but an irreducible element is not always prime.

Exercises.

Exercise 9.10:  Prove parts (B) and (D) of Theorem 9.3.
Exercise 9.11:  Prove Corollary 9.6.
Exercise 9.12:  Prove that Z [\/ —5] is a ring.

Exercise 9.13:  Show that in an integral domain, factorization terminates iff every ascending
sequence of principal ideals {2,) C (4,) C --- is eventually stationary; that is, for some n € N7,
(a;) = (a;,q) forall i > n.
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Exercise 9.14:  Show that in a principal ideal domain R, a greatest common divisor d ofa,b €
R always exists, and:

@@  (d)={(a,b);and

(b)  thereexist r,s € R suchthatd = ra+sb.

9.2: Unique Factorization domains

An important fact about the integers is that every integer factors uniquely into a product
of irreducible elements. We saw this in Chapter 6 with the Fundamental Theorem of Arithmetic
(Theorem 6.32 on page 130). This is not true in every ring. For example, consider Z [—1/3] ;

here 6 = 23, but 6 = (1++/=5) (1= v/=5). In this ring, 2, 3, 1+ v'=5, and 1— v/=5 are
all irreducible, so 6 factors two different ways as a product of irreducibles. We are interested in
unique factorization, so we will start with a definition:

Definition 9.15:  An integral domain is a unique factorization domain if
every r € R factors into irreducibles r = p; p3?--- p,”, and if this factorization
is unique up to order and associates.

Obviously Z is a unique factorization domain. What are some others?

Example 9.16:  Z [x] is a unique factorization domain. To see this takes two major steps. Let
f € Z[x]. If the terms of f have a common divisor, we can factor that out easily; for example,
2x? +4x = 2x (x +2). So we may assume, without loss of generality, that the terms of f have no
common factor. If  is not irreducible, then we claim it must factor as two polynomials of smaller
degree. Otherwise, f would factor as ag where dega = 0, which implies a € Z, which implies
that  is a common factor of the terms of f, contradicting the hypothesis. Since the degrees of
the factors of f are integers, and they decrease each time we factor a polynomial further, the
well-ordering property of Z implies that this process must eventually end with irreducibles; that
is, f = p1py°++ P> Where i # j does not imply that p; # p;.

Suppose that we can also factor f into irreducibles by f = ¢,---¢,,. Consider f as an
element of Q [x], which by Exercise 8.36 on page 178 is a principal ideal domain. Corollary 9.6
tells us that irreducible elements of Q [x] are prime. Hence p; divides g; for some j = 1,...,m.
Without loss of generality, p; | ¢. Since g, is also irreducible, p; and ¢, are associates; say
p1 = a;4; for some unit ;. The units of Q [x] are the nonzero elements of Q, so a; € Q\ {0}.
And so forth; each p; is an associate of a unique g; in the product.

Right now we have p; and g; as associates in Q [x]. If we can show that each 4; = +1,
then we will have shown that the corresponding p; and g; are associates in Z [x] as well, so we
will have shown that Z [x] is a unique factorization domain. Write 4, = % where ged (b,¢) =1;
we have p, = % -q,- We can rewrite this as cp; = bg;. Lemma 6.17 on page 125 implies both
that ¢ | ¢, and that & | p,. However, if the greatest common divisor of the coefficients of p; is
not 1, then p; would not be irreducible in Z [x]! So b,c = £1, which implies that 2, = 1.
Hence p, and g, are associates in Z [x].

The same argument can be applied to the remaining irreducible factors. Thus, the factor-
ization of f was unique up to order and associates. 4
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Example 9.17:  The ring 6Z is not a unique factorization domain. Its irreducible elements
include £6 and 12, but 72 = 6-12 = (—6) - (—12). Notice that here 6 and —6 are not associates,
because —1 & 6Z. On the other hand, notice that 62 is also not an integral domain, because it
does not have unity, so of course it cannot be a unique factorization domain. 4

Now we consider some facts about unique factorization domains.

Theorem 9.18:  Every principal ideal domain is a unique factorization domain.

PROOF: Let R be a principal ideal domain, and f € R.

First we show that / has a factorization. Suppose f is not irreducible; then there exist
P1> P2 € R such that f = p;p, and f is not an associate of either. By Theorem 9.3, (f) € (p;)
and (f) € (p,). If py is not irreducible, then there exist p;, p, € R such that p; = p;p, and p,
is not an associate of either. Again, (p;) € (p3) and (p,) S (p4). Continuing in this fashion, we
obtain an ascending chain of ideals

(F)S(p) S{ps) &

By Theorem 8.34 on page 177, a principal ideal domain satisfies the ascending chain condition;
thus, this chain must terminate eventually. It can terminate only if we reach an irreducible
polynomial. This holds for each chain, so they must all terminate with irreducible polynomials.
Combining the results, we obtain f = p/--- p," where each p; is irreducible.

B

Now we show the factorization is unique. Suppose that f = pf Leeoppomand f = q,qn
where m <7 and the p; and g; are irreducible. Recall that irreducible elements are prime in a
principal ideal domain (Corollary 9.6). Hence p, divides one of the ¢;; without loss of general-
ity, p; | ;- However, g, is irreducible, so p, and g; must be associates; say p; = a,¢q, for some
unit 2; € R. Since we are in an integral domain, we can cancel p, and ¢, from f = f, obtaining

@2 a, _ —1 Bi—a [,
pz ---pmm_dl ql qz ---qfn.

Since p, is irreducible, hence prime, we can continue this process until we conclude with 1z =
ay'---a’lql'---g)". By definition, irreducible elements are not units, so yy,...,,, are all zero.
Thus the factorization is unique up to ordering and associates.

We chose an arbitrary element of an arbitrary principal ideal domain R, and showed that
it had only one factorization into irreducibles. Thus every principal ideal domain is a unique
factorization domain. O

Corollary 9.19:  Every Euclidean domain is a unique factorization domain.

PROOF: This is a consequence of Theorem 9.18 and Theorem 8.31 on page 176. O

The converse is false; see Example 7.41 on page 165. However, the definition of a greatest
common divisor that we introduced with Euclidean domains certainly generalizes to unique
factorization domains.

We can likewise extend a result from a previous section.
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Theorem 9.20:  In a unique factorization domain, irreducible elements are
prime.

PROOF: You do it! See Exercise 9.24. O

Corollary 9.21:  In a unique factorization domain:
o an element is irreducible iff it is prime; and
e an ideal is maximal iff it is prime.

In addition, we can say the following:

Theorem 9.22:  In a unique factorization domain, greatest common divisors are
unique up to associates.

PROOF: Let R be a unique factorization domain, and let f,g € R. Let d, d be two geds of
f,g. Letd = pa - p,7 be an irreducible factorization of d, and d = qig ’6 be a unique

factorization of d. Since d and d are both geds, d | dandd | d. So py | d. By Theorem 9.20,
irreducible elements are prime in a unique factorization domain, so p, | ¢; for some i =1,..., 7.
Without loss of generality, p; | g;. Since g, is irreducible, p; and q; must be associates.

We can continue this argument with pi and pi, so that d = ad for some unita € R. Since
1 1

d and d are unique up to associates, greatest common divisors are unique up to associates. [

Exercises.

Exercise 9.23:  Use Z[x] to show that even if R a unique factorization domain but not a
principal ideal domain, then we cannot write always find r, s € R such that gcd (2,5) = ra +sb
for every a,b €R.

Exercise 9.24:  Prove Theorem 9.20.

Exercise 9.25:  Consider the ideal (180) C Z. Use unique factorization to build a chain of
ideals (180) = (a;) € (a,) S -+ € {a,,) = Z such that there are no ideals between (z;) and (4; , ;).
Identify a,,a,,... clearly.

Exercise 9.26:  We showed in Theorem 9.22 that geds are unique up to associate for in every
unique factorization domain. Suppose that P = IF [x] for some field F. Since P is a Euclidean
domain (Exercise 7.51 on page 167), it is a unique factorization domain, and gcds are unique up
to associates (Theorem 9.22). The fact that the base ring is a field allows us some leeway that
we do not have in an ordinary unique factorization domain. For any two f,g € P, use the
properties of a field to describe a method to define a “canonical” ged ged (£, g), and show that
this canonical ged is unique.

Exercise 9.27:  Generalize the argument of Example 9.16 to show that for any unique factor-
ization domain R, the polynomial ring R [x] is a unique factorization domain. Explain why this
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shows that for any unique factorization domain R, the polynomial ring R [x4,...,x,] is a unique
factorization domain. On the other hand, give an example that shows that if R is not a unique
factorization domain, then neither is R [x].

9.3: Finite fields II

We saw in Section 8.5 that i a field is finite, then its size is p” for some n» € N and
some irreducible integer p. In this section, we show the converse: for every irreducible integer
p and for every n € N, there exists a field with p” elements. In this section, we show that for
any polynomial f/ € F [x],

e there exists a field [E containing one root of f;

e there exists a field [E where f factors into linear polynomials; and

e we can use this fact to build a finite field with p” elements for any irreducible integer p,
and for any n € Nt

Theorem 9.28:  Suppose | € FF [x] is irreducible.
(A) E=TF|[x]/(f)isafield.
(B) T is isomorphic to a subfield F' of E.
(C) Let ]? € E [x] such that the coefficient of x" is a; + (f), where a; is the coeff-
cient of x* in f. There exists a € E such that ]? () =0.
In other words, E contains a root of ]?
PROOF: Denote I = (f).
(A) Let E =T x| /1. In Exercise 8.62, you showed that if f is irreducible in FF [x], then

I is maximal in [F [x]|. By Theorem 8.55, the quotient ring IE = F [x] /1 is a field.
(B) To see that [F is isomorophic to

F' ={a+1:24€F} CE,

use the function ¢ : F — F' by ¢ (a) = a + 1. You will show in the exercises that ¢ is a ring
isomorphism.
(C)Let a =x +1. Let ap,ay,...,a, € F such that

f=ay+ax+--+a,x".
As defined in this Theorem,
(@)= (ag+ 1)+ (ay+1)a+-+(a,+1)a"

By substitution and the arithmetic of ideals,

~

f@)=(a+D)+(a+1)(x+1)+--+(a,+1)(x+1)"
= (ag+1) +(ayx +1) 4o+ (a,x" +1)
= (ag+ax+--+a,x")+1
=f+1I.
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By Theorem 8.52, f +1 =1, so fA(a) = I. Recall that E = [x] /I it follows that fA(a) = Of.
U

The isomorphism between IF and I’ implies that we can always assume that an irre-
ducible polynomial over a field IF has a root in another field containing IF. We will, in the future,
think of [E as a field containing F, rather than containing a field isomorphic to IF.

Corollary 9.29 (Kronecker’s Theorem):  Let f € F [x]| and n = deg f. There
exists a field IE such that F CE, and [ factors into linear polynomials in E.

PROOF: We proceed by induction on deg /.

Inductive base: If deg f = 1, then f = ax + b for some a,b € F with a # 0. In this case,
let E = IF; then —a~'b € E is a root of f.

Inductive hypothesis: Assume that for any polynomial of degree 7, there exists a field E
such that F CE, and f factors into linear polynomials in [E.

Inductive step: Assume deg f = n + 1. By Exercise 9.27, F [x] is a unique factorization
domain, so let p be an irreducible factor of f. Let g € IF [x] such that f = pg. By Theorem 9.28,
there exists a field IE’ such that F C E’ and [E’ contains a root  of p. Of course, if « is a root
of p, thenitisarootof f: f(a) = p(a)g(a) =0-g(a) = 0. By the Factor Theorem, we
can write f = (x —a) g (x) € E [x]. We now have degg = degf — 1 = n. By the inductive
hypothesis, there exists a field ID such that E’ C E, and g factors into linear polynomials in IE.
But then F C E' CE, and f factors into linear polynomials in E. O

Example 9.30:  Let f (x) = x* +1 € Q[x]. We can construct a field IE’ with a root « of f;
using the proofs above,

E' =Qlx]/(f) and  a=x+(f).

Notice that —a is also a root of f, so in fact, E’ contains two roots of f. If we repeat the
procedure, we obtain two more roots of f in a field E. 4

Before we proceed to the third topic of this section, we need a concept that we borrow from
Calculus.

Definition 9.31:  Let f € F[x], and write f = ay+a,x +a,x*> + - +a,x".
The formal derivative of f is

/ —
fl=a;+2a+-+na,x".

Proposition 9.32 (The product rule):  Ler f € I [x], and suppose | factors as
f=rq Then "= p'q+pq.
PROOF: Write p =377 | a;x' and g = Z;?:O b]‘xj. First we write f in terms of the coefficints
of p and g. By Definition 7.29 on page 158 and the distributive property,

m m n

f=pa=2]|ax' 2 b | =2 0| 3 (aib) x™
j=0

1=0 1=0 | ;=0
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If we collect like terms, we can rewrite this as
m—+n L
-5 )
ko | \itj=k
We can now examine the claim. By definition,
m+n L
/ ~1
P e 3
k=1 iti=k
On the other hand,
P'g+pq = <Ziaix’_1> ijx] + <Zaixl> jb]-x]_l
i=1 j=0 i=0 j=1
mtn m+n
IO EIES I DA RS
b=t | \iti=k k=1 | \itj—k
m—+n i L
. . _1
S (5 e )
=1 | itk
m—+n i
SIS NTAES
k=1 | \itj=k
p— / i
O

We can now prove the final assertion of this section.

Theorem 9.33:
a field with p" elements.

For any irreducible integer p, and for any n € N, there exists

PROOF: Let f =x?" —x € Z,[x]. By Kronecker’s Theorem, there exists a field IE such that
Z,< [E/, and f factors into linear polynomials in [E’. Let E = {a € E’: f (a) = 0}. We claim

that [E has p” elements, and that E is a field.

To see that E has p” elements, it suffices to show that f has no repeated linear factors.

Suppose to the contrary that it does; say

f=(x-a)g
for some g € E [x]. By Proposition 9.32,

f/:2(x—d)-g+(x—a)2-g/:(x—a)-(Zg—i—(x—d)g/).
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That is, x —a divides f”. To the contrary, the definition of a formal derivative tells us that
fl=prxt 1.
InZ,, p" =0, so we can simplify f” as
fl=0—-1=-1.

It is clear that x —a does not divide f’; we have a contradiction, so f has no repeated linear
factors.

We now show that [E is a field. Since IE C [E/, we can accomplish this using the Subring
Theorem to show it is a ring, and then finding an inverse for any nonzero element of E.

For the Subring Theorem, let 2, b € [E. We must show thatab and a — b are both roots of
/; they would then be elements of E by definition of the latter. You will show in Exercise 9.35(a)
that @b is a root of f. For subtraction, we claim that

(a—b)P" =a?" —bt".

We proceed by induction.

Inductive base: Observe that
p_l p . .
— b)Y = 4P 'hPT 4 bP,
(a—b)f =al + ; <i >a +

By assumption, p is an irreducible integer, so its only divisors in IN are itself and 1. For any
i € N, then, the integer

i) (=)
can be factored into the two integers

: . : : .
the fraction i(p ) is an integer precisely because no element of the denominator can divide p.

(p=i)!
Using Exercise 9.35(b), we can rewrite (a — b)? as

p-l ! , ,
(a—b)P —a? + %aw—ww
—il(p—1)!
= (p-1)r
_ P . L p—i p
=al +p ;i!(p—i)!ﬂb +b
=al +0+b?
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Inductive hypothesis: Assume that (a— b)?" =a?" — b?".
Inductive step: Applying the properties of exponents,

=8y = [(am b)) = (o = 5") = 0™
where the final step uses the base case. Thus

(a=b)" —(a=b)=(al" —b?") = (a—b).
Again, a and b are roots of £, s0 a?”" =a and b?" = b, 5o

(a—b)? —(a—b)=(a—b)—(a—b) =0.

We see that a — b is a root of f, and therefore a — b € E.

Finally, we show that every nonzero element of [E has an inverse in [E. Let 2 € E\ {0}; by
definition, « € IE’. Since [E’ is a field, there exists an inverse of « in [E; call it 4. By definition of
IE, 4 is a root of f; that is, a?" —a = 0. Multiply both sides of this equation by 42, and rewrite
to obtain 22" % = b. Using the substitutions » = a?" ~2 and a?" = a in f (b) shows that:

fb)=b""—b
_ <ﬂp”—2>1’" _ "2
_ (,/,P" .4—2>P" _ "2
= ()" (@) a2
S AP B L
— g2 p" 2

=0.

We have shown that b is a root of f. By definition, b € E. Since » =a~! and 4 was an arbitrary
element of [E\ {0}, every nonzero element of [E has its inverse in E.
We have shown that
e E has p” elements;
e it is a ring, since it is closed under multiplication and subtraction; and
e it is a field, since every nonzero element has a multiplicative inverse in E.
In other words, E is a field with p” elements. O

Exercises.

Exercise 9.34:  Show that the function ¢ defined in part (B) of the proof of Theorem 9.28 is
an isomorphism between IF and IF'.

Exercise 9.35:  Let p be an irreducible integer and f (x) = x?" —x € Z » [x]. Define E =

Z,[x1/{f).
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(@  Show that pa =0foralla € E.
(b)  Show thatif f (a) = f (b) =0, then f (ab) =0.

9.4: Polynomial factorization in finite fields

We now turn to the question of factoring polynomials in R [x]. This material comes
primarily from [vzGG99].
Suppose that f € R [x]; factorization requires the following steps.
e Squarefree factorization is the process of removing multiples of factors p of f; that is, if

7% | f, then we want to work with #, for which only p is a factor.

e Distinct degree factorization is the process of factoring a squarefree polynomial f into
polynomials py, ..., p,, such that if a p; factors as p; = g;---q,, then degq, = ---degq,,.

e Equal degree factorization is the process of factoring each distinct degree factor p; into
its equal degree factors g4,...,q,,.

e The algorithms we develop in this chapter only work in finite fields. To factor a poly-
nomial in Z [x], we will first factor over several finite fields Z , [x], then use the Chinese
Remainder Theorem to recover a factorization in Z [x]. We discuss this in Section 9.5.

The goal of this section is merely to show you how the ideas studied so far combine into this
problem. The algorithm we will study is not an inefficient algorithm, but more efficient ones
exist.

For the rest of this section, we assume that p € N is irreducible and f € Z, [x].

Distinct degree factorization.
Distinct-degree factorization can be accomplished using a generalization of Euler’s The-
orem (Theorem 6.45 on page 136).
Theorem 9.36 (Fermat’s Little Theorem):  For all a € Z,, a? = a. In

Z, [x], we have
xP—x= H (x—a).
a€”Z,

PROOF: Euler’s Theorem tellsusthata? =aforalla €Z,, . Thuseverya € Z , isaroot of x” —
x. The Factor Theorem (Theorem 7.31 on page 158) implies that x —a divides x? — x for every
a € Z,. But x? —x can have at most p factors, so x” —x = (x —0) (x = 1) (x = (p—1)) =

Hanp (X—d). O

Example 9.37:  Suppose p = 5. You already know from basic algebra that
x5—x2x<x4—1>

:x<x2—1><x2+1>

x(x=1) (x+1) (x*+1).
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Algorithm 2. Distinct degree factorization

1: inputs

2. f €Z,][x], squarefree and monic, of degree n >0
3: outputs

4 Pise-e P € Z, [x], a distinct-degree factorization of f
5: do

6: Lethy=x

7. Letfo=f

8: Letz=0

9: while f; #1
10: Increment ¢
11: Let h; be the remainder of division of bf_l by f

12: Let p; = ged (h; —x, f;_4)
13: Let f; = %
140 Letm=1

15: return pq,...,p

m

We are working in Zs, so 1 = —4. Thusx +1=x—4,and (x —2) (x —=3) = (x* —5x +6) =
(x?+1). This means that we can write

—x=x(x—1)(x=2)(x=3) (x—4) =] [ (x—a),

a€Zs

as claimed. /

We can generalize this to the following.

Theorem 9.38:  Foranyd > 1, xP" —x is the product of all monic irreducible
polynomials in Z, [x] whose degree divides d.

However, proving Theorem 9.38 is beyond the scope of this course. For now, it suffices to
know what it 1s. In addition, it suggests an “easy” algorithm to compute the distinct degree
factorization of f € Z , [x]. See Algorithm 2.

Theorem 9.39:  Algorithm 2 terminates with each p; the product of the factors
of f that are all of degree i.

PROOF: Note that the second and third steps of the loop are an optimization of the computa-
tion of ged (xp ‘o x, f >; you can see this by thinking about how the Euclidean algorithm would
compute the ged. So termination is guaranteed by the fact that eventually deg hl.p > deg f;: Theo-
rem 9.38 implies that at this point, all distinct degree factors of f have been removed. Correctness
is guaranteed by the fact that in each step we are computing gecd (xp C—x, f > O
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Example 9.40:  Returning to Z; [x], let’s look at f = x (x +3) (x> +4). Notice that we do
not know whether this factorization is into irreducible elements. Expanded, f = x° +3x* +
4x? 4+ 2x. When we plug it into Algorithm 2, the following occurs:
e Fori=1,
o the remainder of division of 5] = x® by f is by = 2x* + x? + 3x;
o p=x+2x?+2x;
o fi=x?+x+1.
e Fori =2,
o the remainder of division of 5> = 2x* 4+ x'%+3x> by f is b, = x;
o pr=ged(0.) = f;
o f,=1
Thus the distinct degree factorization of f is f = (x +2x?+2x) (x?+x +1). This demon-
strates that the original factorization was not into irreducible elements, since x (x +3) is not
equal to either of the two new factors, so that x> 44 must have a linear factor as well. 4

Equal degree factorization

Once we have a distinct degree factorization f = p, -+ p,, € Z , [x] where each p; is the
product of the factors of degree i of a squarefree polynomial f, we need to factor each p; into
its irreducible factors. Here we consider the case that p is an odd prime; the case where p = 2
requires different methods.

Take any p;, and let its factorization into irreducible polynomials of degree i be p;, =
q1**q,- Suppose that we select at random some b € Z , [x] with degh < n. If ged (p;,h) #
1, then we have found a factor of p;. Otherwise, we will try the following. Since each g; is
irreducible and of degree 7, <qj> is a maximal ideal in Z , [x], s0 Z , [x] / <q]~> is a field with p’
elements. Denote it by FF.

Lemma 9.41:  Let G be the set of nonzero elements of [F; that is, G = F\ {0}.

Leta = %,andletgp :GoGbyo(g)=2g"

(A) @ is a group homomorphism of G.

(B)  Its image, ¢ (G), consists of the square roots of unity.
©  lkergl=a.

PROOF: From the definition of a field, G is an abelian group under multiplication.
(A) Let g,h € G. Since G is abelian,

0 (gh)=(gh)" =(gh)(gh)---(8h)=(g-8g:--8):(h-h---h)=g"h" =9 (g)p(h).

e copies e copies e copies

(B) Let y € ¢ (G); by definition, there exists g € G such that

y=¢(g)=¢g"
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Corollary 3.44 to Lagrange’s Theorem, with the fact that |G| = p* — 1, implies that

i 2 4
Pl i_

We see that y is a square root of unity. We chose y € ¢ (G) arbitrarily, so every element of ¢ (G)
is a square root of unity.

(C) Observe that g € kerg implies g* = 1, or g —1 = 0. That makes g an ath root
of unity. Since g € ker ¢ was chosen arbitrarily, ker ¢ consists of ath roots of unity. By Theo-
rem 7.31 on page 158, each g € ker ¢ corresponds to a linear factor x — g of x* — 1. There can
be at most a such factors, so there can be at most a distinct elements of ker ¢; that is, |ker | < a.
Since ¢ (G) consists of the square roots of unity, similar reasoning implies that there are at most
two elements in ¢ (G). Since G has p’ — 1 elements, Exercise 4.46 on page 87 gives us

pi—1
7

The inequality is actually an equality, forcing |ker | = a. O

p'—1=|G|=|kerg||p (G)|<a-2= Z=pi—1.

To see how Lemma 9.41 is useful, denote the coset of 4 in IF by
[h]=h+(q;) €F.

Since ged (h,q) =1, h ¢ <q]~>, so [h] # O, so [h] € G. Raising [h] to the ath power gives us an
element of ¢ (G). Part (B) of the lemma tells us that ¢ (G) consists of the square roots of unity
in G, so [h]* is a square root of 1, either 1 or —1p. If [h]* = 1, then [h]* — 1z = Op. Recall
that [F is a quotient ring, and [h] = h + <q]~>. Thus

(" =1)+ <6]j> =[h]* —1p=0p = <‘1j>-

This is a phenomenal consequence! Equality of cosets implies that »* —1 € <q]~>, so q; divides
h* — 1. This means that »* — 1 has at least g; in common with p;! Taking the greatest common
divisor of 4 —1and p; extracts the greatest common factor, which may be a multiple of g;. This
leads us to Algorithm 3. Note that there we have written f instead of p; and d instead of 7.

Algorithm 3 is a little different from previous algorithms, in that it requires us to se-
lect a random element. Not all choices of 5 have either a common factor with p;, or an
image ¢ ([h]) = 1p. So to get ¢ # 1, we have to be “lucky”. If we’re extraordinarily un-
lucky, Algorithm 3 might never terminate. But this is highly unlikely, for two reasons. First,
Lemma 9.41(C) implies that the number of elements g € G such that ¢ (g) =1 is a. We have to
have ged (b, p;) = 1 to be unlucky, so [h] € G. Observe that

_pi-1 |G
a= — T4

2 2

so we have less than 50% probability of being unlucky, and the cumulative probability decreases
with each iteration. In addition, we can (in theory) keep track of which polynomials we have
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Algorithm 3. Equal-degree factorization

1: inputs
22 f €Z,[x], where p is irreducible and odd, f is squarefree, n = deg f, and all factors of f
are of degree d

3: outputs
4. afactor q; of f
5: do
6: Letg=1
7. whileg =1
8 Leth€Z,[x]\Z,, with degh <n
9 Let g =gcd (b, f)
10: ifg=1
d
11: Let b be the remainder from division of 577 by f
12: Letg =ged(h—1,f)

13:  return g

computed, ensuring that we never use an “unlucky” polynomial more than once.

Keep in mind that Algorithm 3 only returns one factor, and that factor might not be
irreducible! This is not a problem, since

(a) we can repeat the algorithm on f /g to extract another factor of f;

(b) if degg = d, then g is irreducible; otherwise;

(c) d < degq < n, so we can repeat the algorithm in g to extract a smaller factor.
Since the degree of f or g decreases each time we feed it as input to the algorithm, the well-
ordering of IN implies that we will eventually conclude with an irreducible factor.

Example 9.42:  Recall from Example 9.40 that f = x (x +3) (x’ +4) € Z;[x] gave us the
distinct degree factorization f = (x° +2x?+2x) (x?+x +1). The second polynomial is in
fact the one irreducible quadratic factor of f; the first polynomial, p; = x> + 2x% + 2x, is the
product of the irreducible linear factors of /. We use Algorithm 3 to factor the linear factors.
e We have to pick b € Zs [x] with degh < deg p; = 3. Let h = x* + 3.
o Using the Euclidean algorithm, we find that ged (b, f) = 1. Since r; = f = (x +2) h =
4x+4andr,=h—(4x+1) 711:4.)

o The remainder of division of 5 7 by f is 3x? + 4x + 4.
o Now g =ged ((3x?+4x+4)—1,p;) =x+4.
o Return x + 4 as a factor of p;.
We did not know this factor from the outset! In fact, f = x (x +3) (x +4) (x? +x + 1). VA

As with Algorithm 2, we need efficient algorithms to compute ged’s and exponents in order
to perform Algorithm 3. Doing these as efficiently as possible is beyond the scope of these
notes, but we do in fact have relatively efficient algortihms to do both: the Euclidean algorithm
(Algorithm 1 on page 121) and fast exponentiation (Section 6.4).

Squarefree factorization
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We can take two approaches to squarefree factorization. The first, which works fine for
any polynomial / € C [x], is to compute its derivative f”, then to compute g = ged (f, f7), and
finally to factor £, which (as you will show in the exercises) is squarefree.

Another approach is to combine the previous two algorithms in such a way as to guar-
antee that, once we identify an irreducible factor, we remove all powers of that factor from f
before proceeding to the next factor. See Algorithm 4.

Example 9.43:  In Exercise 9.47 you will try (and fail) to perform a distinct degree factoriza-
tion on f = x° + x> using only Algorithm 2. Suppose that we use Algorithm 4 to factor f
instead.
e Since f is monic, b = 1.
e With ; = 1, distinct-degree factorization gives us b, = 4x>, g; = x> + x, f; = x%.
o Suppose that the first factor that Algorithm 3 gives us is x. We can then divide f;
twice by x, so a; = 3 and we conclude the innermost loop with f; = 1.
o Algorithm 3 subsequently gives us the remaining factors x 4+ 2 and x + 3, none of
which divides f; more than once..
The algorithm thus terminateswith b =1, p; = x, p, =x+2, p3 =x3,2; =3,and a, = a3 = 1.
A

Exercises.

Exercise 9.44:  Show that £ is squarefree if £ € C [x], f” is the usual derivative from Calculus,
and g =ged (f, /7).

Exercise 9.45:  Use the distinct degree factorization of Example 9.40 and the fact that f =
x (x4 3) (x* +4) to find a complete factorization of f, using only the fact that you now know
three irreducible factors f (two linear, one quadratic).

Exercise 9.46:  Compute the distinct degree factorization of f = x° + x* +2x> +2x? 4+ 2x + 1
in Zs [x]. Explain why you know this factorization is into irreducible elements.

Exercise 9.47:  Explain why you might think that Algorithm 2 might not work for f = x> +
x3. Then try using the algorithm to factor f in Z; [x], and explain why the result is incorrect.

Exercise 9.48:  Suppose that we don’t want the factors of f, but only its roots. Explain how
we can use ged (x” —x, f) to give us the maximum number of roots of f in Z ,. Use the poly-
nomial from example 9.46 to illustrate your argument.

9.5: Factoring integer polynomials

We conclude, at the end of this chapter, to factorization in Z [x]. In the previous section,
we showed how one could factor a polynomial in an arbitrary finite field whose characteristic
is an odd irreducible integer. We can use this technique to factor a polynomial f € Z [x]. As
in the previous section, this method is not necessarily the most efficient, but it does illustrate
techniques that are used in practice.
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Algorithm 4. Squarefree factorization in Z, [x]

1: inputs

2: f € Zp [x]

3: outputs

4. An irreducible factorization b € Zp>P1> cesPy € Zp [x],@q,...,a,, € NT such that the

p; are irreducible and f = bpfl T

5. do

6: Letb=lc(f)
7. Lethy=x

8: Letfy= b1 -f
9: JLetz=0

10: Let;j=0

11:  while f; #1

12:

13: Increment :

14: Let h; be the remainder of division of bf_l by f
15: Let ql = ng (bl — X, i—l)

16: Let f; = f;‘_l
7

17: while g; # 1

18: Increment ;
19: Find a degree-i factor p; of g; using Algorithm 3
20: Let q; = Z—;
21: Let a]‘ =1
22: while p; divides f;
23: Increment o;
24: Let f; = L
Pj

250 Letm=j
260 return b, pi,..., Py @pseees




5. Factoring integer polynomials 221

We show this using the example
f=x*+8x> —33x% + 120x — 720.

Suppose [ factors as
a
f :pll-..pzzm.

Now let p € N be odd and irreducible, and consider /? € Z, [x] such that the coefficients of ]?
are the coefficients of / mapped to their cosets in Z ,. That is,

f=1,x*+[8] %> +[-33] , x* +[120] , x + [-720] .
By the properties of arithmetic in Z ,, we know that f will factor as

Fep
_pl m

where the coefficients of each p; are the coefficeints of p; mapped to their cosets in Z p- Aswe

will see, these p; might not be irreducible for each choice of p; we might have instead
f=g".g%
where each g; divides some 7.. Nevertheless, we will be able to recover the irreducible factors
of f even from these factors; it will simply be more complicated.
We will approach factorization by two different routes: using one big irreducible p, or
several small irreducibles along with the Chinese Remainder Theorem.

One big irreducible.

One approach is to choose an odd, irreducible p € INT sufficiently large that, once we
factor ]?, the coefficient a; of any p; is either the corresponding coefficient in p; or (on account
of the modulus) the largest negative integer corresponding to it. Sophisticated methods to obtain
p exist, but for our purposes it will suffice to choose p that is approximately twice the size of
the maximum coefficient of f.

Example 9.49: The maximum coefficient in the example f given above is 720. There are
several irreducible integers larger than 1440 and “close” to it. We’ll try the closest one, 1447.
Using the techniques of the previous section, we obtain the factorization in Z 4 x|

~

f=(x+12) (x+ 1443) (x? +15) € Z44 [x].

It is “obvious” that this cannot be the correct factorization in Z [x], because 1443 is too large.
On the other hand, properties of modular arithmetic tell us that

A~

f=(x+12) (x—4) (x* +15) € Zy4 [x].
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In fact,
f=(x+12)(x—4) (x* +15) € Zx].

This is why we chose an irreducible number that is approximately twice the largest coefficient
of f: it will recover negative factors as integers that are “too large”. 4

We mentioned above that we can get “false positives” in the finite field.

Example 9.50:  Let f = x?+ 1. In Z; [x], this factors as x* + [1]s = (x +[2]5) (x + [3]5), but
certainly f # (x +2) (x +3) in Z [x]. A

Avoiding this problem requires techniques that are beyond the scope of these notes. However,
it is certain easy enough to verify whether a potential factor of p; is a factor of f using division;
once we find all the factors g; of f that do not give us factors p; of f, we can try combinations
of them until they give us the correct factor. Unfortunately, this can be very time-consuming,
which is why in general one would want to avoid this problem entirely.

Several small primes.

For various reasons, we may not want to try factorization modulo one large prime; in
this case, it would be possible to factor using several small primes, then recover f using the
Chinese Remainder Theorem. Recall that the Chinese Remainder Theorem tells us that if
ged (mi, m]-> = 1foreach 1 <7 <j <, then we can find x satisfying

X =lay]inZ,,;
x] =lay] inZ,,;
x] =la,inZ, ;

4 1t we choose my,...,m, to be all irreducible,
they will certainly satisty ged (ml-, m ]-> = 1; if we factor f in each Z,, , we can use the Chinese
Remainder Theorem to recover the coefficients of each p; from the corresponding g;.

and [x] is unique in Zy where N = my---m

Example 9.51:  Returning to the polynomial given previously; we would like a unique solu-
tion in Z,,, (or so). Unfortunately, the factorization 720 = 2*-32.5 is not very convenient for
factorization. We can, however, use 3-5-7-11 = 1155:

e inZ;[x], f=x>(x+2);

A~

o inZs[x], f=(x+1)(x+2)x%

~

e inZ,[x],f=(x+3)(x+5) (x*+1);and

e inZy[x], f=(x+1)(x+7) (x* +4).
If we examine all these factorizations, we can see that there appears to be a “false positive” in
Z |x]; we should have

f=(x+a)(x+b)(x*+c).
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The easiest of the coefficients to recover will be ¢, since it is unambiguous that

In fact, the Chinese Remainder Theorem tells us that ¢ = [15] € Z;55.

The problem with recovering a4 and 4 is that we have to guess “correctly” which arrange-
ment of the coefficients in the finite fields give us the arrangement corresponding to Z. For
example, the system

gives us b = [12],s5, the correct coefficient in Z.
The drawback to this approach is that, in the worst case, we would try 2* = 16 combina-
tions before we can know whether we have found the correct one. 4

Exercises.

Exercise 9.52:  Factor x” + 8x® 4 5x° + 53x* — 26x° + 93x2 — 96x + 18 using each of the two
approaches described here.



Chapter 10:
Grobner bases

A chemist named A— once emailed me about a problem he was studying that involved
microarrays. Microarrays measure gene expression, and A— was using some data to build a
system of equations of this form:

axy—bix—cy+d,=0
axy—byx—cy+d,=0 (26)
axy—byx —b;y+d; =0

where a, by, by, c,d;,d,,d; € N are known constants and x,y € R were unknown. A— wanted
to find values for x and y that made all the equations true.

This already is an interesting problem, and it is well-studied. In fact, A— had a fancy
software program that sometimes solved the system. However, it didn’t always solve the system,
and he didn’t understand whether it was because there was something wrong with his numbers,
or with the system itself. All he knew is that for some values of the coefficients, the system
gave him a solution, but for other values the system turned red, which meant that it found no
solution.

The software that A— was using relied on well-knownumerical techniques to look for a
solution. There are many reasons that numerical techniques can fail; most importantly, they can
fail even when a solution exists.

Analyzing these systems with an algebraic technique, I was able to give A— some glum
news: the reason the software failed to find a solution is that, in fact, no solution existed in R.
Sometimes, solutions existed in C, and sometimes no solution existed at all! So the problem
wasn’t with the software’s numerical techniques.

This chapter develops and describes the algebraic techniques that allowed me to reach
this conclusion. Most of the material in these notes are relatively “old”: at least a century old.
Grobner bases, however, are relatively new: they were first described in 1965 [Buc65]. We will
develop Grobner bases, and finally explain how they answer the following important questions
for any system of polynomial equations

fi(xp%,.00%x,) =0, f(x,%,..0,%x,) =0 -+ f(x,%,...,x,) =0

whose coefficients are in RR:
1. Does the system have any solutions in C?
2. If so,
(a) Are there infinitely many, or finitely many?
1. If finitely many, exactly how many are there?
ii. If infinitely many, what is the “dimension” of the solution set?
(b) Are any of the solutions in R?
We will refer to these five question as five natural questions about the roots of a polynomial
system.
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Remark 10.1:  From here on, all rings are polynomial rings over a field IF, unless we say other-
wise.

10.1: Gaussian elimination

Let’s look again at the system (26) described in the introduction:

axy—byx —cy+d; =0
axy—by,x—cy+d,=0
axy —byx —byy+d; =0.

It is almost a linear system, and you’ve studied linear systems in the past. In fact, you’ve even
studied how to answer the five natural questions about the roots of a linear polynomial system.
Let’s review how we accomplish this in the linear case.

A generic system of m linear equations in 7 variables looks like

ap Xy tapxy +ootap,x, = b
421961 +422.7C2 + +ﬂ2nxn — bz

1% +ﬂm2x2 +oe +dmnxn = bm

where the ;; and b; are elements of a field F. Linear algebra can be done over any field F,
although it is typically taught with IF = Q; in computational mathematics it is frequent to have
F = R. Since these are notes in algebra, let’s use a field constructed from cosets!

Example 10.2: A linear system with 7 = 3 and 7 = 5 and coefficients in Z 5 is

le+xZ+7x5 :7
3x1 +7X2 +8X3 - 2.

An equivalent system, with the same solutions, is

5x1+x2+7x5+820

In these notes, we favor the latter form. YA

To answer the five natural questions about the linear system, we use a technique called Gaussian
elimination to obtain a “triangular system” that is equivalent to the original system. By “equiv-
alent”, we mean that (ay,...,a,) € F” is a solution to the triangular system if and only if it is a
solution to the original system as well. What is meant by triangular form?
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Definition 10.3:  Let G = (g, &»---,&,,) be a list of linear polynomials in 7
variables. For each i = 1,2,...,m designate the leading variable of g;, as the
variable with smallest index whose coefficient is non-zero. Write lv (g;) for this
variable, and order the variables as x; > x, > ... > x,,.
The leading variable of the zero polynomial is undefined.

Example 10.4:  Using the example from 10.2,

Iv(5x;+x,+7x5+8) =x; and Iv(x;+ 11x,+2x5+ 12) = x3.4

Remark 10.5:  There are other ways to decide on a leading term, and some are smarter than
others. However, we will settle on this rather straightforward method, and refer to it as the
lexicographic term ordering.

Definition 10.6: A list of linear polynomials F is in triangular form if for
eachi <7,
° f] =0, or

o £ #0,f; #£0,and v (f) > 1Iv(f;).

Example 10.7:  Using the example from 10.2,the list
F = (5x{ 4+ x, +7x5+8,x3 + 11x4 + 2x5 + 12,3x; +7x, + 8x5 + 11)

is not in triangular form, since Iv (f;) = x5 and Iv (f3) = xy, so v (f;) < Iv (f3), whereas we want

Iv(f)>Iv(f).
On the other hand, the list

G = (x; +6,x, +3x,4,0)

is in triangular form, because Iv (g;) > v (g,) and g; is zero. However, if we permute G using
the permutation 7 = ( 2 3 ), then

H: ﬂ(G) = (xl +6,0,X2+3x4)

is not in triangular form, because b3 # 0 but 5, = 0. 4

Algorithm 5 describes one way to apply the method.

Theorem 10.8:  Algorithm (5) terminates correctly.

PROOF: All the loops of the algorithm are explicitly finite, so the algorithm terminates. To
show that it terminates correctly, we must show both that G is triangular and that its roots are
the roots of F.
That G is triangular: We claim that each iteration of the outer loop terminates with G in
i-subtriangular form; by this we mean that
o thelist (g;,..., g;) is in triangular form; and
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Algorithm 5. Gaussian elimination

1: inputs

2 F=(f,/fp»--->[,), alist of linear polynomials in » variables, whose coetficients are from
a field F.

3: outputs

4 G=1(g1,2---,8,), alist of linear polynomials in 7 variables, in triangular form, whose
roots are precisely the roots of F (if F has any roots).

5: do

6: LetG:=F

72 fori=1,2,....m—1

8: Use permutations to rearrange g;,8;1,--->&, S0 that for each # < ¢, g, = 0, or
Iv(gr) 2 1v(g)

9: if g 7& 0

10: Denote the coefficient of Iv(g;) by 4

11: forj=i+1,i+2,...m

12: iflv(g]-> =1v(g;)

13: Denote the coefficient of Iv ( gj> by b

14: Replace g; withag; —bg;

15: return G

o foreachj =1,...,i if g; 7 O then the coefficient of Iv (gj> In g q...,8,1s0.
Note that G is in triangular form if and only if G is in z-subtriangular form forall i = 1,2,...,m.

We proceed by induction on 7.

Inductive base: Consider 1 = 1. If g = 0, then the form required by line (8) ensures
that g, = ... = g,, = 0, in which case G is in triangular form, which implies that G is in 1-
subtriangular form. Otherwise, g; # 0, so let x = Iv(g;). Line (14) implies that the coefficient
of x in g; will be zero for j = 2,...,m. Thus (g;) is in triangular form, and the coefficient of
Iv(gy)in g,...,g,, 1s 0. In either case, G is in 1-subtriangular form.

Inductive step: Let i > 1. Use the inductive hypothesis to show that (g;, g5,...,g;_;) isin
triangular form and foreach j =1,...,i —1iflv ( g]-> is defined then its coefficient in g;, ..., g,,
is 0. If g; = 0 then the form required by line (8) ensures that g;, ; =... = g,, =0, in which case
G is in triangular form. This implies that G is in i-subtriangular form. Otherwise, g; # 0, so
let x =1v(g;). Line (14) implies that the coefficient of x in g; will be zero for j =i +1,...,m.

In addition, the form required by line (8) ensures that x < lv ( g]-> forj =1,...,1—1. Thus
(g1---»g;) 1s in triangular form, and the coefficient of Iv (g;) in g,,..., g,, is 0. In either case, G
is in z-subtriangular form.

By induction, each outer loop terminates with G in z-subtriangular form. When the mth
loop terminates, G is in m-subtriangular form, which is precisely triangular form.

That G is equivalent to F: The combinations of F that produce G are all linear; that is,
for each j =1,..., m there exist ¢;jEF such that

8 = Cl,jfl + CZ,jfZ +-- +“m,jfm'
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Hence if (@y,...,2,) € F” is a common root of F, it is also a common root of G. For the
converse, observe from the algorithm that there exists some 7 such that f; = g;; then there exists
some j € {1,...,m}\{i} and some a,b € IF such that f; = ag, — b g,; and so forth. Hence the
elements of F are also a linear combination of the elements of G, and a similar argument shows
that the common roots of G are common roots of F. O

Remark 10.9:  There are other ways to define both triangular form and Gaussian elimination.
Our method is perhaps stricter than necessary, but we have chosen this definition first to keep
matters relatively simple, and second to assist us in the development of Grobner bases.

Example 10.10:  We use Algorithm 5 to illustrate Gaussian elimination for the system of equa-
tions described in Example 10.2.

e We start with the input,

F = (5x; 4+ x, +7x5 4+ 8, x5 + 11x, + 25 + 12,3x; +7x, + 8x53 + 11).
e Line 6 tells us to set G = F, so now

G = (5xy + x5+ 7x5 + 8,x3 + 11x, + 225 + 12,3x; + 7x, + 8x; + 11).

e We now enter an outer loop:
o In the first iteration, 7 = 1.
o We rearrange G, obtaining

G = (5x;+xy +7x5+ 8,3x; +7x, + 8x5 + 11, x5 + 11x, + 2x5 + 12).

o Since g; # 0, we proceed: Line 10 now tell us to denote a as the coefficient of Iv (g; );
since lv(g;) =x;,a =5.
o We now enter an inner loop:
* In the first iteration, j = 2.
* Since v < g]-> = lv(g;), we proceed: denote & as the coefficient of lv < gj>;

since lv <g]~> =x, b =3.
* Replace g; with

agj—bg; =5(3x;+7x;+8x34+11) =3 (5x; + x, + 7x5 + 8)
— 32x, + 40x; — 215 + 31.

Recall that the field is Z 5, so we can rewrite this as
6x,5 + x5 + 5x5 + 5.
We now have

G = (5x; + xy + 7x5+ 8,6x, + x5 + 5x5 + 5, x5 + 11x, + 2x5 + 12).
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o We continue with the inner loop:
* In the second iteration, j = 3.
* Since lv < g]-> #1v(g,), we do not proceed with this iteration.
o Now j =3 = m, and the inner loop is finished.
e We continue with the outer loop:
o In the second iteration, ; = 2.
o We do not rearrange G, as it is already in the form indicated. (In fact, it is in trian-
gular form already, but the algorithm does not “know” this yet.)
o Since g; # 0, we proceed: Line 10 now tell us to denote a as the coefficient of Iv (g;);
since v (g;) = x,,a =6.
o We now enter an inner loop:
* In the first iteration, j = 2.
* Since v ( gj> #1v(g;), we do not proceed with this iteration.
o Now j =3 = m, and the inner loop is finished.
e Now ; =2 = m — 1, and the outer loop is finished.
e We return G, which is in triangular form! A
Once we have found the triangular form of a linear system, it is easy to answer the five natural
questions.

Theorem 10.11:  Let G = (gy,835--->8,,) s a list of nonzero linear polyno-

mials in n variables over a field F. Denote by S the system of linear equations

{g; =0} . If G is in triangular form, then each of the following holds.

(A) S has a solution if and only if none of the g, is a constant.

(B) S has finitely many solutions if and only if S has a solution and m = n. In
this case, there is exactly one solution.

(C) S has solutions of dimension d if and only if S has a solution and d = n—m.

A proof of Theorem 10.11 can be found in any textbook on linear algebra, although probably
not in one place.

Example 10.12:  Continuing with the system that we have used in this section, we found that
a triangular form of

F = (5xy + x5+ 7x5 + 8, x5 + 11x, + 25 + 12,3x; + 7x, + 8x; + 11)

is
G = (5x; + x5 +7x5 + 8,6x, + x3 + 5x5 + 5,3 + 11x, +2x5 + 12).
Let § ={g; =0,g, =0, g3 =0}. Theorem 10.11 implies that
(A) S hasasolution, because none of the g; is a constant.
(B) S has infinitely many solutions, because the number of polynomials (m = 3) is not the
same as the number of variables (n = 5).
(C) S hassolutions of dimensiond = n —m = 2.
In fact, from linear algebra we can parametrize the solution set. Let s,t € Z3 be arbitrary
values, and let x, = s and x5 = ¢. Back-substituting in §, we have:
e From g; =0, x; =25 + 11z + 1.
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e From g, =0,
6x, = 12x3 + 8t + 8. (27)

The Euclidean algorithm helps us derive the multiplicative inverse of 6 in Z,; we get 11.
Multiplying both sides of (27) by 11, we have

Recall that we found x; = 2s + 11t + 1, so
x,=2(2s +11¢ + 1) + 10t + 10 = 45 + 6¢ + 12.

e From g, =0,

Repeating the process that we carried out in the previous step, we find that
xg=7s+9.
We can verify this solution by substituting it into the original system:

f1:=57s+9)+ (4s+6t+12)+7t +38
= (95 +6) +45 +20
=0
Hi=2s+11t+1)+11s + 2t + 12
=0
£:3(7s+9)+7 (45 + 6t +12) +8 (25 + 11z + 1) + 11
= (8s+1)+ (25 +3t+6)+ (3s+ 10 +8) + 11
=0.4

Before proceeding to the next section, study the proof of Theorem (10.8) carefully. Think about
how we might relate these ideas to non-linear polynomials.

Exercises.

Exercise 10.13: A homogeneous linear system is one where none of the polynomials has a con-
stant term: that is, every term of every polynomial contains a variable. Explain why homoge-
neous systems always have at least one solution.

Exercise 10.14:  Find the triangular form of the following linear systems, and use it to find the
common solutions of the corresponding system of equations (if any).

@  fi=3x+2y—z—1, f,=8x+3y—2z,and f; = 2x + z — 3; over the field Z,.

b) fi=5a+b—c+1,,=3a+2b—1, f; =2a—b—c+1; over the same field.

(c)  The same system as (a), over the field Q.
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Exercise 10.15:  In linear algebra you also used matrices to solve linear systems, by rewriting
them in echelon (or triangular) form. Do the same with system (a) of the previous exercise.

Exercise 10.16:  Does Algorithm 5 also terminate correctly if the coefficients of F are not
from a field, but from an integral domain? If so, and if m = 7, can we then solve the resulting
triangular system G for the roots of F as easily as if the coefficients were from a field?> Why or
why not?

10.2: Monomial orderings

As with linear polynomials, we need some way to identify the “most important” mono-
mial in a polynomial. With linear polynomials, this was relatively easy; we picked the variable
with the smallest index. With non-linear polynomials, the situation is (again) more complicated.
In the polynomial on the right hand side of equation (28), which monomial should be the leading
monomial? Should it be x, y°, or y? It seems clear enough that y should not be the leading term,
since it divides y?, and therefore seems not to “lead”. With x and y3, however, things are not so
obvious. We need to settle on a method.

Recall from Section 7.3 the definition of M, the set of monomials over x,x, ...,x,,.

Definition 10.17:  Let t,# € M. The lexicographic ordering orders t > #
if

o deg, t>deg, u,or

o deg, t =deg, #anddeg, t>deg, #,o0r

° ...

o deg . t=deg, utfori=1,2,...,n—1anddeg, t>deg, x.
Another way of saying this is that ¢ > # iff there exists 7 such that

° degx/ t= deng utorallj =1,2,...,:—1, and

o deg, t>deg, u.
The leading monomial of a non-zero polynomial p is any monomial ¢ such
that ¢ > u for all other terms « of p. The leading monomial of 0 is left undefined.

Notation 10.18:  We denote the leading monomial of a polynomial p as Im (p).

Example 10.19:  Using the lexicographic ordering over x, 7y,

Im <x2+y2—4> = x?
Im (xy—1) =xy
Im <x +9° —4y> x.4

Before proceeding, we should prove a few simple, but important, properties of the lexicographic
ordering.
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Proposition 10.20:  The lexicographic ordering on M

(A)  isalinear ordering

(B)  isa subordering of divisibility: for any t,u € M, if t | u, then t < u;

(C)  is preserved by multiplication: for any t,u,v € M, if t < u, then for any

monomial v over X, tv < uv;

(D)  orders 1<t foramy t € M; and

(E)  isa well ordering.
(Recall that we defined a monoid way back in Section 1.2, and used M as an example.)
PROOF: For (A), suppose that ¢ # u. Then there exists 7 such that deg, t # deg,_ #. Pick the
smallest 7 for which this is true; then deng t= deng uforj=1,2,...,1 1 If degx; t < degxi u

then ¢t < u; otherwise, degx t> degx n,S0t>u.
For (B), we know that ¢ | # iff deg, t <deg, uforallz =1,2,...,m. Hence t <u.
For (C), assume that ¢ < #. Let i be such that deg t = deg utorallj =1,2,...,i—1

and deg, t <deg, #.Then
deg, (tv)=deg, t+deg, v=deg, u+deg, v=deg uv Vj=12,...,i-1
] 7 ] 7 ] 7

and
deg, (tv) =deg, t +deg, v <deg, u+deg, v=deg, nv.

Hence tv < nv.

(D) is a special case of (B).

For (E), let M c M. We proceed by induction on the number of variables 7. For the
inductive base, if n = 1 then the monomials are ordered according to the exponent on x;, which
is a natural number. Let E be the set of all exponents of the monomials in M; then £ C IN.
Recall that IN is well-ordered. Hence E has a least element; call it e. By definition of £, e is
the exponent of some monomial 7 of M. Since e < a for any other exponent x* € M, m is a
least element of M. For the inductive hypothesis, assume that for all 7 < 7, the set of monomials
in 7 variables is well-ordered. For the inductive step, let N be the set of all monomials in 7 —1
variables such that for each ¢ € N, there exists m € M such that m = ¢ - x¢ for some e € N. By
the inductive hypothesis, N has a least element; call it z. Let

P:{t-xfl: t-xZGMEIeE]N}.

All the elements of P are equal in the first 7z — 1 variables: their exponents are the exponents of
t. Let E be the set of all exponents of x,, for any monomial # € P. As before, E C IN. Hence
E has a least element; call it e. By definition of E, there exists # € P such that # = ¢ - x¢; since
e<aforall a € E, u is a least element of P.

Finally, let v € M. Since ¢ is minimal in N, either there exists 7 such that

deg, u=deg, t=deg. v V;=12,...,1—-1 and deg, u =deg, t <deg, v
] ] ] I3 I3 13

or
deg, u=deg, t=deg. v V;=12,...,n—1
7 ] ]
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In the first case, # < v by definition. Otherwise, since e is minimal in E,
degxn u—=e< degxn v,

in which case # < v. Hence # is a least element of M.
Since M is arbitrary in IM, every subset of IM has a least element. Hence M is well-

ordered. O

Before we start looking for a triangular form of non-linear systems, let’s observe one
more thing.

Proposition 10.21:  Lez p be a polynomial in the variables x = (x{,%5,...,x,).
Iflm (p) = xZ, then every other monomial u of p has the form

n — rn[ x;.Bj
j=

for some ﬁj € N. In addition, 3; < a.

PROOF: Assume that Im (p) = x?. Let # be any monomial of p. Write
1
n
. o
u= ]I-:! X

for appropriate 5; € N. Since # < Im(p), the definition of the lexicographic ordering implies
that

degx]_ u= degx]_ Im(p) = degx]_ x? Vi=1,2,...,i—1 and degxl_ u < degxl_ t.

Hence # has the form claimed. O

We now identify and generalize the properties of Proposition 10.20 to a generic ordering
on monomials.
Definition 10.22:  An admissible ordering < on M is a relation that
(O1)  isalinear ordering;
(O2) 1sasubordering of divisibility; and
(O3)  is preserved by multiplication.
(The terms, “subordering with divisibility” and “preserved by multiplication” are identical to
their description in Proposition 10.20.)
By definition, properties (B)-(D) of Proposition 10.20 hold for an admissible ordering.
What of the others?
Proposition 10.23:  The following properties of an admissible ordering all
hold.
(A) 1<t forallt € M.
(B)  The set M of all monomials over x = (x,%,,...,x,) is well-ordered by any
admissible ordering. That is, every subset M of M has a least element.
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PROOF: For (A), you do it! See Exercise 10.33. For (B), the argument is identical to Propo-
sition 10.20—after all, we now have (O1)-(O3) and (A), which were used in Proposition 10.20.
]

We can now introduce an ordering that you haven’t seen before.

Definition 10.24:  For a monomial ¢, the total degree of ¢ is the sum of the
exponents, denoted tdeg (#). For two monomials ¢, #, a total-degree ordering
orders t < # whenever tdeg () < tdeg (#).

Example 10.25:  The total degree of x>y? is 5, and x°y? < xy°. |

However, a total degree ordering is not admissible, because not it does not satisty (O1) for all
pairs of monomials.

Example 10.26:  We cannot order x’y? and x?y” by total degree alone, because tdeg (x?y?) =
tdeg (x?y°) but x?y? # x?y°. VA
When there is a tie in the total degree, we need to fall back on another method. An interesting
way of doing this is the following.

Definition 10.27:  For two monomials ¢,# the graded reverse lexico-
graphic ordering, or grevlex, orders ¢t < # whenever
o tdeg(t) <tdeg(x), or
o tdeg(¢) = tdeg(#) and there exists i € {1,...,n} such that for all j =
t+1,...,n
o deng e degx/ u,and

o deg, t>deg, u.

Notice that to break a total-degree tie, grevlex reverses the lexicographic ordering in a double
way: it searches backwards for the smallest degree, and designates the winner as the larger mono-
mial.

Example 10.28:  Under grevlex, x>y? > x2y° because the total degrees are the same and y? <
3
Y 4

Theorem 10.29:  The graded reverse lexicographic ordering is an admissible or-
dering.

PROOF: We have to show properties (O1)-(O3). Let ¢,# € M.

(O1) Assume ¢ # u; by definition, there exists i € N such that deg, ¢ # deg, #.
Choose the largest such 7, so that deng t = degx]_ uwioral j =i+1,...,n. Then t < u if
deg, t <deg, u;otherwise u <.

l 02) Assume ¢ | #. By definition, deg, t < deg, u foralli =1,...,n. If £ = u, then
we’re done. Otherwise, ¢ # ». If tdeg (¢) > tdeé (u), then the fact that the degrees are all natural
numbers implies (see Exercise ) that for some i = 1,...,7 we have deg, ¢ > deg, #, contradicting
the hypothesis that ¢ | #! Hence tdeg (¢) = tdeg (#). Since t # u, there exists i € {1,...,n} such
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that deg, ¢ # deg, #. Choose the largest such 7, so that deng t = degx/, uwtorj=i+1,...,n.
Since t | u, degxi t <deg, u,and degx]_ t < degx]_ u. Hence

1—1 n
tdeg (¢) = Zdeng t+deg, t+ Z deng t
j=1 j=i+1

1—1 n
= Zdegx]_ t+ degxl_ t+ Z degx]_ u

j=1 j=i+1
1—1 n
< Zdegx]_ u+deg, ¢+ Z degx]_ u
j=1 j=i+1
1—1 n
<Zdegx_ u —|—degxi u+ Z deg, u
=1 j=it1
= tdeg (u).

Hence t < u.

(O3) Assume ¢ < u, and let v € M. By definition, tdeg () < tdeg(#) or there exists
1 € {1,2,...,n} such that degxi t> degxi u and deng t = deng niorallj =i+41,...,n. In the
first case, you will show in the exercises that

tdeg (tv) = tdeg(¢) +tdeg(v) < tdeg(#) 4 tdeg (v) = tdeg (#v).
In the second,
deg, tv =deg, t +deg, v>deg, #+deg, v=deg, uv

while
degx]. tv = deng t+ degx/ v = degx], u+ degx]_ V= degx]_ uv.

In either case, tv < #v as needed. O

A useful tool when dealing with monomial orderings is a monomial diagram. These
are most useful for monomials in a bivariate polynomial ring IF [x,y], but we can often imagine
important aspects of these diagrams in multivariate rings, as well. We discuss the bivariate case
here.

Definition 10.30:  Let ¢+ € M. Define the exponent vector (24,...,a,) €
IN” where a; = deg, t.

Let t € F[x,y] be a monomial, and (a, 3) its exponent vector. That is,
t=x%F.

We can consider (a,3) as a point in the x-y plane. If we do this with all the monomials of
M C F|[x,y], and we obtain the following diagram:
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°® ° ° ° °

o o e o o

This diagram is not especially useful, aside from pointing out that the monomial x? is the third
point on the left in the bottom row, and the monomial 1 is the point in the lower left corner.
What does make diagrams like this useful is the fact that if 7 | #, then the point corresponding to
u lies above and/or to the right of the point corresponding to ¢, but never below or to the left
of it. We often shade the points corresponding monomials divisible by a given monomial; for
example, the points corresponding to monomials divisible by xy? lie within the shaded region
of the following diagram:

\ SR

As we will see later, diagrams such as the one above can come in handy when visualizing certain
features of an ideal.

What interests us most for now is that we can sketch vectors on a monomial diagram that
show the ordering of the monomials.

Example 10.31:  We sketch monomial diagrams that show how lex and grevlex order M. We
already know that the smallest monomial is 1. The next smallest will always be y.

For the lex order, y* < x for every choice of 2 € N, no matter how large. Hence the next
largest monomial is y?, followed by y°, etc. Once we have marked every power of y, the next
largest monomial is x, followed by xy, by xy?, etc., for xy* < x? for all 2 € N. Continuing in
this fashion, we have the following diagram:
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PE——0¢+—0¢+—0<+—0
PE—O0+—0+—0<«+—0
PE—0+—0—0<«——0
PE—0+——0+—0<+—0

With the grevlex order, by contrast, the next largest monomial after y is x, since tdeg(x) <

tdeg (yz). After x come y?, xy, and x?, in that order, followed by the degree-three monomials

y2, xy2, x?y, and x>, again in that order. This leads to the following monomial diagram:

These diagrams illustrate an important and useful fact.

Theorem 10.32:  Ler r € M.

(A)  Inthe lexicographic order, there are infinitely many monomaals smaller than
t if and only if t is not a power of x,, alone.

(B)  In the grevlex order, there are finitely many monomials smaller than t.

PROOF: You do it! See Exercise . O

Exercises.

Exercise 10.33:  Show that for any admissible ordering and any r € M, 1 < ¢.

Exercise 10.34:  The graded lexicographic order, which we will denote by gralex, orders
t <wif
e tdeg(t) <tdeg(u), or
e tdeg(r) =tdeg(#) and the lexicographic ordering would place ¢ < #.
(@  Order x%y, xy?, and z° by gralex.
(b)  Show that gralex is an admissible order.
(d)  Sketch a monomial diagram that shows how gralex orders M.

Exercise 10.35:  Prove Theorem 10.32.
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10.3: Matrix representations of monomial orderings

Aside from lexicographic and graded reverse lexicographic orderings, there are limitless
ways to design an admissible ordering.

Definition 10.36:  Let M € R”*”. We define the weighted vector w (¢) =
Mt.

Example 10.37:  Consider the matrix

where the empty entries are zeroes. We claim that M represents the grevlex ordering, and
weighted vectors computed with M can be read from top to bottom, where the first entry that
does not tie determines the larger monomial.

Why? The top row of M adds all the elements of the exponent vector, so the top entry
of the weighted vector is the total degree of the monomial. Hence if the two monomials have
different total degrees, the top entry of the weighted vector determines the larger monomial. In
case they have the same total degree, the second entry of Mt contains —deg, ¢, so if they have
different degree in the smallest variable, the second entry determines the larger variables. And
so forth.

The monomials ¢t = x°y%, # = x%y>, and v = x)° have exponent vectors t = (3,2),
u=(2,3),and v =(1,5), respectively. We have

we(2) we(3) ()

from which we conclude that v > t > «. VA,

Not all matrices can represent admissible orderings. It would be useful to know in advance which
ones do.

Theorem 10.38:  Let M € R"™*™. The following are equivalent.
(A) M represents a admissible ordering.
(B)  Each of the following holds:

(MO1)  Its rows are linearly independent over Z.

(MO2)  The topmost nonzero entry in each column is positive.

To prove the theorem, we need the following lemma.

Lemma 10.39:  If a matrix M satisfies (B) of Theorem 10.38, then there exists a
matrix N that satisfies (B), whose entries are all nonnegative, and for all t € Z”
comparison from top to bottom implies that Nt > Nu if and only if Mt > Mu.
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Example 10.40:  In Example 10.37, we saw that grevlex could be represented by

1 1 1 1
M= 1
-1
However, it can also be represented by
1 1 1 1
1 1. 1
1 1
1

where the empty entries are, again, zeroes. Notice that the first row operates exactly the same,
while the second row adds all the entries except the last. 1f ¢, < y, then from ¢; +---+1¢, =
uy -+ u, we infer that ¢, +---+t,_ > uy+---+u,_4, so the second row of Nt and Nu
would break the tie in exactly the same way as the second row of Mt and Mu. And so forth.

In addition, notice that we can obtain N by adding row 1 of M to row 2 of M, then adding
the modified row 2 of M to the modified row 3, and so forth. A

PROOF: Let M € R"*” satisfy (B) of Theorem 10.38. Construct N in the following way by
building matrices My, M, ... in the following way. Let M, = M. Suppose that M,, M,, ..., M;_,
all have nonnegative entries in rows 1, 2, etc. but M has a negative entry « in row z, column
j. The topmost nonzero entry [ of column j in M;_, is positive; say it is in row k. Use the
Archimedean property of R to find K € N such that K 3 > ||, and add K times row k of M;_,
to row j. The entry in row i and column ; of M; is now nonnegative, and if there were other
negative values in row 7 of M, the fact that row & of M;_; contained nonnegative entries implies
that the absolute values of these negative entries are no larger than before, so we can repeat this
on each entry. Since there is a finite number of entries in each row, and a finite number of rows
in M, this process does not continue indefinitely, and terminates with a matrix N whose entries
are all nonnegative.

In addition, we can write the :th row N( i) of N as
where M4 indicates the kth row of M. For any t € M, the ith entry of Nt is therefore
Nipyt = (Kido) + KoMy + -+ Kty ) e = Ky (Myy) + K (M) + - K; (Mt

We see that if M(l)t == M(i_l)t =0and M(i)t = a #0, then N(l)t == N(i—l)t =0and
N(l-)tzKl-ayéO. Hence Nt > Nu if and only if Mt > Mu. O

Now we can prove Theorem 10.38.
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PROOF OF THEOREM 10.38: That (A) implies (B): Assume that M represents an admissible or-
dering. For (MO2), observe that the monomial 1 has the exponent vector t = (0,...,0) and
the monomial x; has the exponent vector u with zeroes everywhere except in the zth position.
The product Mt > Mu if the ith element of the top row of M is negative, but this contradicts
Proposition 10.23(A). For (MO1), observe that property (O1) of Definition 10.22 implies that
no pair of distinct monomials can produce the same weighted vector. Hence the rows of M are
linearly independent over Z.

That (B) implies (A): Assume that M satisfies (B); thus it satisfies (MO1) and MO2). We
need to show that properties (O1)-(O3) of Definition 10.22 are satisfied.

(O1): Since the rows of M are linearly independent over Z, every pair of monomials ¢
and # produces a pair of distinct weighted vectors Mt and Mu if and only if ¢ # #. Reading these
vectors from top to bottom allows us to decide whether t > u, t <u,ort = u.

(02): This follows from linear algebra. Let t,# € M, and assume that ¢ | #. Then
deg, t <deg  uforall: =1,2,...,n. In the exponent vectors t and u, t; < #; for each 7. Let
v € IN” such that u = t + v; then

Mu=M(t+v)=Mt+Mv.

From Lemma 10.39 we can assume that the entries of M are all nonnegative. Thus the entries of
Mu, Mt, and Mv are also nonnegative. Thus the topmost nonzero entry of Mv is positive, and
Mu > Mt.

(O3): This is similar to (O2), so we omit it. O

In the Exercises you will find other matrices that represent term orderings, some of them
somewhat exotic.

Exercises

Exercise 10.41:  Find a matrix that represents (a) the lexicographic term ordering, and (b) the
gralex ordering.

Exercise 10.42:  Explain why the matrix

11
111
1111
-1
111
11
1

1
1
1
-1
represents an admissible ordering. Use M to order the monomials

2 8 2 2
X1X5X4X,  X1X, X7, XpX3X4Xg, Xg, ,Xg,  XpXg.
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-2 -1.5 -1 -0.5 -0 0.5 1 15 2

Figure 10.1. Plots of x? 4+ y2 =4 and xy = 1

Exercise 10.43:  Suppose you know nothing about an admissible order < on FF [x,y] except
that x > y and x? < y°. Find a matrix that represents this order.

10.4: The structure of a Grobner basis

When we consider the non-linear case, things become a little more complicated. Consider
the following system of equations:

x4y =4
xy = 1.

We can visualize the real solutions to this system; see Figure 10.1. The common solutions occur
wherever the circle and the hyperbola intersect. We see four intersections in the real plane; one
of them is hilighted with a dot.

However, we don’t know if complex solutions exist. In addition, plotting equations in-
volving more than two variables is difficult, and more than three is effectively impossible. Fi-
nally, while it’s relatively easy to solve the system given above, it isn’t a “triangular” system in
the sense that the last equation is only in one variable. So we can’t solve for one variable imme-
diately and then go backwards. We can solve for y in terms of x, but not for an exact value of
y.

It gets worse! Although the system is triangular in a “linear” sense, it is not triangular in
a non-linear sense: we can multiply the two polynomials above by monomials and obtain a new
polynomial that isn’t obviously spanned by either of these two:

y<x2+y2—4>—x(xy—1):x-l-y3—4y. (28)

None of the terms of this new polynomial appears in either of the original polynomials. This
sort of thing does not happen in the linear case, largely because
e cancellation of variables can be resolved using scalar multiplication, hence in a vector space;
but
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e cancellation of terms cannot be resolved without monomial multiplication, hence it re-
quires an ideal.

So we need to find a “triangular form” for non-linear systems.

Let’s rephrase this problem in the language of rings and ideals. The primary issue we
would like to resolve is the one that we remarked immediately after computing the subtraction
polynomial of equation (28): we built a polynomial p whose leading term x was not divisible
by the leading term of either the hyperbola (xy) or the circle (x2). When we built p, we used
operations of the polynomial ring that allowed us to remain within the ideal generated by the
hyperbola and the circle. That is,

p:x—l—y3—4y:y<x2+y2—4>—x(xy—1);

by Theorem 8.9 ideals absorb multiplication and are closed under subtraction, so
pE <x2+y2—4,xy—1>.

So one problem appears to be that p is in the ideal, but its leading monomial is not divisible by
the leading monomials of the ideal’s basis. Let’s define a special kind of idael basis that will not
give us this problem.

Definition 10.44:  Let {g;,2,...,&,,} be a basis of an ideal I; that is, I =
(g15825---58,,)- We say that G = (g, &5,---,&,,) is a Grobner basis of I if for
every p€l,lm(g,) |lm(p) for some k €{1,2,...,m}.

It isn’t obvious at the moment how we can decide that any given basis forms a Grobner basis, be-
cause there are infinitely many polynomials that we’d have to check. However, we can certainly
determine that the list

<x2—|—y2—4,xy— 1>

is not a Grobner basis, because we found a polynomial in its ideal that violated the definition of
a Grobner basis: x +y° —4y.

How did we find that polynomial? We built a subtraction polynomial that was calcu-
lated in such a way as to “raise” the polynomials to the lowest level where their leading mono-
mials would cancel! Let ¢,# be monomials in the variables x = (x,x,...,x,). Write t =

y,.% B fz . ﬂn

a
x, 'yt eeex,” and o= x| x

S . Any common multiple of ¢ and # must have the form

o _x)’1x)/2 cox T
n

where y; > a; and y; > [3; for each i = 1,2,...,n. We can thus identify a least common

multiple lem (¢, %) = x1V1x2Vz -o-x)" where y; = max( ,3;) foreach i =1,2,...,n. It really is

the least because no common multlple can have a smaller degree in any of the Varlables, and so it

is smallest by the definition of the lexicographic ordering.



4. The structure of a Grobner basis 243

Lemma 10.45:  For any two polynomials p,q € F[x,%,y,...,%,], with
Im(p) =t and lm(q) = u, we can build a polynomial in the ideal of p and q
that would raise the leading terms to the smallest level where they would cancel by
computing

lem (¢, u lem (¢, u
g ) )

t u

Moreover, for all other monomials ©,u and a,b € F, if atp — buq cancels the
leading terms of T p and uq, then it is a multiple of S.

PROOF: First we show that the leading monomials of the two polynomials in the subtraction
cancel. By Proposition 10.20,

] , 1 : 1 :
1m<2122?>:gﬂLﬂim@%}Eizﬁ¢:km0M%
t t t
likewise
] , 1 , 1 ;
1m<2122q>:EﬂLﬂ4m@%LfizQ%:km@M,
u u u
Th
o lem (¢, u)
le{le(q) - ————=p ) =le(q)-le(p)
and

lem (¢, u)

k(k@» q>=k@wkw»

Hence the leading monomials of the two polynomials in § cancel.

Let 7, u be monomials over x = (x;,%,,...,%, ) and 4, b € IF such that the leading mono-

mials of the two polynomials in atp — b uq cancel. Let v = xfl cex,mand u = xigl x,’lg” for
appropriate ; and 3; in IN. Write Im (p) = xlgl ---xf;” and Im (g) = x,”" ---x,’" for appropriate
{; and w; in IN. The leading monomials of a7 p — b ug cancel, so foreach i =1,2,...,n

o, +{ =0, +w;.
We have
a;=L;+(w; = ).
Thus
; — (max (§;, ;) = §) = [(B; + (w; = §;)) — (max (§;, w;) = ;)]
Bi— (max ({, ;) — w;).
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Let n; = a; — (max ({;,w;) — {;) and let

Then
lem (¢,u) lem (¢,u)
atp—bug=v(a-———p—-b-———-q |,
t u
as claimed. O
The subtraction polynomial of Lemma 10.45 is important enough that we give it a special
name.

Definition 10.46:  Let p,q € F[xy,x,,...,%,]. We define the S-polynomial
of p and g with respect to the lexicographic ordering to be

Spol (p,q) =1c(q)-

Icm(lm(p),lm(q)). lcm(lm(p),lm(q)).q
) )

Im(p pler) =)

It should be clear from the discussion above the definition that S-poly-nomials capture the can-
cellation of leading monomials. In fact, they are a natural generalization of the cancellation used
in Algorithm 5, Gaussian elimination, to obtain the triangular form of a linear system. In the
same way, we need to generalize the notion that cancellation does not introduce any new leading
variables. In our case, we have to make sure that cancellation does not introduce any new leading
terms. We introduce the notion of top-reduction for this.

Definition 10.47:  Let p,q € F[x{,x,,...,x,]. It Im(p) divides Im (g), then
we say that p top-reduces ¢.
If p top-reduces ¢, let t =1m(q) /lm(p) and ¢ =1c(q) /lc(p). Let r = g —
ct - p; we say that p top-reduces g to .
Finally, let F = (f}, f5,---,/,,) be a list of polynomials in [F [x;, x,,...,x,,], and
T1s725--+» 75 EF[x1,%,...,,] such that

e some polynomial of F top-reduces p to ry,

e some polynomial of F top-reduces 7, to 7,,

O coo

e some polynomial of F top-reduces r;,_; to 7.
In this case, we say that p top-reduces to r, with respect to F.

Example 10.48: Let p = x + 1 and g = x>+ 1. We have Im (») = x and Im (¢) = x?. Since
o . 2

Im (p) divides Im (g), p top-reduces g. Let t = == =x and ¢ = % = 1; we see that p top-reduces

qtor=q—1-x-p=—x+1. 4

Remark 10.49:  Observe that top-reduction is a kind of S-polynomial computation. To see

this, write Im (p) = xfl --x," and Im (g) = xigl xf” Since Im (p) divides Im (g), ; < 3,
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for each i. Thus lem (Im (g),lm(p)) =1m(p). Let ¢t = }211((;]))) and ¢ = %; substitution gives
us
1
Im ( Im (g)
Spol(g,p) =lc(p)- q—le(q) ——="p
(9) Im (p)
—le(p) g P lelq) £ p
le(p)
=le(p)-(g—ct-p)

where g —ct - p is the ordinary top-reduction of g by p. Thus top-reduction is a scalar multiple
of an S-polynomial.

We will need the following properties of polynomial operations.

Proposition 10.50:  Let p,q,7r € F[x;,xy,...,x,]. Each of the following
holds:

(4)  lm(pgq)=Im(p) -lm(q)

(B) Im(pxg)<max(Im(p),lm(q))

(©)  Im(Spol(p,q)) <lem(Im(p),lm(q))

(D) If p top-reduces q to r, then Ilm (r) <lm(q).

PROOF: For convenience, write t =Im (p) and #» =1m (gq).

(A) Any monomial of pg can be written as the product of two monomials vw, where v
is a monomial of p and w is a monomial of ¢. If v # Im(p), then the definition of a leading
monomial implies that v < ¢. Proposition 10.20 implies that

vw <tw,
with equality only if v = ¢. The same reasoning implies that
vw<tw<tu,

with equality only if w = ». Hence Im (pgq) = tu =1m(p)Ilm(q).

(B) Any monomial of p ¢ is also a monomial of p or a product of g. Hence Im (p +¢)
is a monomial of p or of . The maximum of these is max (Im (p),Im(g)). Hence Im (p £ ¢q) <
max (Im (p) Im (g)).

(C) Definition 10.46 and (B) imply that Im (Spol (p,q)) <lem (Im (p),lm(q)).

(D) Assume that p top-reduces g to r. Top-reduction is a special case of of an S-poly-
nomial; that is, » = Spol(p,q). Here lem(Im(p),Im(q)) = Im(g), and (C) implies that
Im(7) <lm(q). O

In a triangular linear system, we achieve a triangular form by rewriting all polynomials
that share a leading variable. In the linear case we can accomplish this using scalar multiplication,
requiring nothing else. In the non-linear case, we need to check for divisibility of monomials.
The following result should, therefore, not surprise you very much.
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Theorem 10.51 (Buchberger’s characterization):  Let  gy,8,-..,8, €

F [xy,%,,...,%,]. The following are equivalent.

(A)  G=1(g1,&---»8,,) is a Grobner basis of the ideal I = (g, &5---5&,,)-

(B)  For any pair 1,j with 1 < i < j < m, Spol < g gj) top-reduces to zero
with respect to G.

Example 10.52:  Recall two systems considered at the beginning of this chapter,
F= <x2 + 9% —4,xy — 1>
and
G= <x2+y2—4,xy— Lx+y°—4y,—y' +49% - 1) .

Is either of these a Grobner basis?
e Certainly F is not; we already showed that the one S-polynomial is

$=Spol(f, ) =3 (5 72 4) = sy = 1) = x 5" =4y

this does not top-reduce to zero because Im (§) = x, and neither leading term of F divides
this.

e On the other hand, G is a Grobner basis. We will not show all six S-polynomials (you will
verify this in Exercise 10.55), but

Spol (g1,8) — g =0,

so the problem with F does not reappear. It is also worth noting that when G top-reduces
Spol (g;, &), we derive the following equation:

Spol (g1,84) — (47 = 1) g + (7" —4) & =0.

If we rewrite Spol (g;,4) = y*g, + x*g, and substitute it into the above equation, some-
thing very interesting turns up:

(*gi+x78) — (497 —1) g+ (9 —4) g, =0
— (=47 1) g+ (x*+)"—4) g =0
—8481 1+ 818 =0.

4

Remark 10.53:  Example 10.52 suggests a method to compute a Grobner basis of an ideal:
given a basis, use S-polynomials to find elements of the ideal that do not satisfy Definition 10.44;
then keep adding these to the basis until all of them reduce to zero. Eventually, this is exactly
what we will do, but until then there are two problems with acknowledging it:
e We don’t know that a Grobner basis exists for every ideal. For all we know, there may be
ideals for which no Grobner basis exists.
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e We don’t know that the proposed method will even terminate! It could be that we can go
on forever, adding new polynomials to the ideal without ever stopping.
We resolve these questions in the following section.

It remains to prove Theorem 10.51, but before we can do that we will need the following useful
lemma. While small, it has important repercussions later.

Lemma 10.54:  Let p,f1,/0--sfy € Flxpxg,...,%,] Let F =

(fi>fas- s fon)- Then (A) implies (B) where
(A)  p top-reduces to zero with respect to F.

(B)  There exist q,,q,;---+q,, € F[x{,%y,...,x,]| such that each of the following
holds:

(BY)  p=aqfitdhat o+t and
(B2)  Foreachk=1,2,...,m,q, =0o0rlm(q,)Im(g,) <lm(p).

PROOF: You do it! See Exercise 10.61. OJ

You will see in the following that Lemma 10.54allows us to replace polynomials that are
“too large” with smaller polynomials. This allows us to obtain the desired form.

PROOF OF THEOREM 10.51: That (A) = (B): Assume that G is a Grobner basis, and let 7, be
such that 1 <7 < j <m. Then

Spol (g:,8;) € (£i:8j) C {81582+ 8m)>»

and the definition of a Grobner basis implies that there exists k; € {1,2,...,m} such that g, top-

reduces Spol ( g gj) to a new polynomial, say r,. The definition further implies that if r; is not
zero, then there exists &, € {1,2,...,m} such that g, top-reduces r; to a new polynomial, say
r,. Repeating this iteratively, we obtain a chain of polynomials r;, 7,,... such that r, top-reduces
to 7,1 for each ¢ € N. From Proposition 10.50, we see that

Im (7)) >1lm(r)) >---.

Recall that the set of all monomials over x = (x,x,,...,x, ) is well-ordered, so any set of mono-

mials over x = (x,%,,...,x,) hasaleast element. Thisincludesthe set R = {Im () ,Im(r,),...}!
Thus the chain of top-reductions cannot continue indefinitely. It cannot conclude with a non-
zero polynomial 7|, since: O

e top-reduction keeps each 7, in the ideal:
o subtraction by the subring property, and
» multiplication by the absorption property; hence
o by the definition of a Grébner basis, a non-zero 7}, . would be top-reducible by
some element of G.

PROOF: The chain of top-reductions must conclude with zero, so Spol < g g]-> top-reduces to
zero.
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That (A) <= (B): Assume (B). We want to show (A); that is, any element of [ is top-
reducible by an element of G. So let p € I; by definition, there exist polynomials 4,,...,h,, €
FF [x{,%y,...,%,] such that

For each 7, write t; = Im(g;) and #; = Im (b;). Let T = max;_;, ,, (#;t;). We call T the
maximal term of the representation b, b,,...,h, . lf lm(p) = T, then we are done, since

Im(p)=T=u,t, =lm(h,)Ilm(g,) 3Fke{l,2,...,m}.

Otherwise, there must be some cancellation among the leading monomials of each polynomial
in the sum on the right hand side. That is,

T =1Im <h51g51) =1Im (/nggg) =---=Im (h&g()

for some £,,¢,,...,¢  €{1,2,...,m}. From Lemma 10.45, we know that we can write the sum
of these leading terms as a sum of multiples of a S-polynomials of G. That is,

IC (;Jg1>1m <h€1> g€1 ++1C (b(5>1m (b&) gﬁs = Z Cd,bud,bSpol <g[ﬂ,g€b>

1<a<b<s

where for each a, b we have ¢, , € F and #, ;, € M. Let

S= > cuopngSpol (g -8, )

1<a<b<s
Observe that
I:Im (l%) g, +1m <})g2) g, +--+Im (h() ggs:l —-§=0. (29)
By (B), we know that each S-polynomial of S top-reduces to zero. This fact, Lemma 10.54 and

()

Proposition 10.50, implies that for each 4, 5 we can find ¢ 3

€ F[x{,%,,...,x,] such that

Spol (g..r,) =\ g1+ +g*g,
and for each A = 1,2,...,m we have q/({a’b) =0or
Im (q/(la’b)) Im(g;) <Im (Spol <g54’ g[b>> <lem <lm (gg) ,Im <g€b)> ) (30)

Let Q;,Q,,...,Q,, € F[x,x,,...,x,] such that

a,b
Q/e — {21§a<b§s Ca,b%a,bqli )’ ke{gl’---’gg}S

0, otherwise.

Then
S§=Q18+Q8++Q,,8,
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In other words,
§—(Qig1+ Qg+ +Q8m) =0.
By equation (30) and Proposition 10.50, for each & = 1,2,...,m we have Q, =0 or

Im (Qe)Im (gp) < max_{[n, plm (q") ] 1m (g0}

1<a<b<s

= max_{u, [Im(q"")Im(g)]}

1<a<b<s

< max «{ud,blm <5P01 (g&,’ g5b>>}

1<a<b<s

< plem (Im (g, ),Im (g7, ))
=T. e

By substitution,

p=(hgt+hgt++h,g,) — (S_ Z Q/eg/e)

[ D g+ D (hk—lc(h/e)lm(h/e))gk]

Let Q4,...,9,, € F[x,,...,x,] such that

o, (x) = | 7 kil 0.}
£ by —lc(h,)Im(b,) +Qp, otherwise.

By susbtitution,
= ngl teet ngm
Itk {l,,...,0 }, then the choice of T as the maximal term of the representation implies that

Im (Q) Im (g) = Im () Im (g,) < T

Otherwise, Proposition 10.50 and equation (31) imply that

Im (Q ) Im (gg) < max ((Im (h —lc(hg) Im (), 1m (Q)) Im (g)) <lm (hy)Im (gp) =T

What have we done? We have rewritten the original representation of p over the ideal,
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which had maximal term T, with another representation, which has maximal term smaller than
T. This was possible because all the S-polynomials reduced to zero; S-polynomials appeared
because 7" > Im (p), implying cancellation in the representation of p over the ideal. We can
repeat this as long as 7 > Im (), generating a list of monomials

T1>T2>

The well-ordering of M implies that this cannot continue indefinitely! Hence there must be a
representation

p:ng1++ngm

such that for each &k = 1,2,...,m H, =0orIm(H,)Im(g,) <Im(p). Both sides of the equa-
tion must simplify to the same polynomial, with the same leading variable, so at least one &
has Im (H,)Ilm(g,) = Im(p); that is, Im(g,) | Im(p). Since p was arbitrary, G satishies the
definition of a Grébner basis. O

Exercises.
Exercise 10.55:  Show that G = (x?+y%—4,xy —1,x +y° —4y,—y* +4y? — 1) is a Grdb-
ner basis with respect to the lexicographic ordering.

Exercise 10.56:  Show that G of Exercise 10.55 is not a Grobner basis with respect to the
grevlex ordering. As a consequence, the Grobner basis property depends on the choice of term
ordering!

Exercise 10.57:  Show that any Grobner basis G of an ideal [ is a basis of the ideal; that is, any
p €1 canbe writtenas p = > b, g; for appropriate b; € F [xy,...,x,].

Exercise 10.58:  Show that for any non-constant polynomial f, F = (f, f + 1) is not a Grob-
ner basis.

Exercise 10.59:  Show that every list of monomials is a Grobner basis.

Exercise 10.60:  We call a basis G of an ideal a minimal basis if no monomial of any g, € G
is divisible by the leading monomial of any g, € G.

(@)  Suppose that a Grobner basis G is not minimal. Show that we obtain a minimal basis by
repeatedly replacing each g € G by g — g’ where tIm (g’) is a monomial of g.

(b)  Explain why the minimal basis obtained in part (a) is also a Grobner basis of the same
ideal.

Exercise 10.61:  Let
p= 4x* —3x° — 3x2y4 + 4x2y2 —16x% + 3xy3 — 3xy2 +12x

and F = (x? + 92 —4,xy — 1).
(a) Show that p reduces to zero with respect to F.
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(b)  Show that there exist ¢;,g, € F [x,y] such that p = ¢,/ + ¢, />
(c) Generalize the argument of (b) to prove Lemma 10.54.

Exercise 10.62:  For G to be a Grobner basis, Definition 10.44 requires that every polynomial

in the ideal generated by G be top-reducible by some element of G. If polynomials in the basis

are top-reducible by other polynomials in the basis, we call them redundant elements of the

basis.

(@  The Grobner basis of Exercise 10.55 has redundant elements. Find a subset G., of G
that contains no redundant elements, but is still a Grobner basis.

(b)  Describe the method you used to find G, ..

(¢)  Explain why redundant polynomials are not required to satisfy Definition 10.44. That
1s, if we know that G 1s a Grobner basis, then we could remove redundant elements to
obtain a smaller list, G, ;,,, which is also a Grobner basis of the same ideal.

10.5: Buchberger’s algorithm

Algorithm 5 on page 227 shows how to triangularize a linear system. If you study it, you
will see that essentially it looks for parts of the system that are not triangular (equations with the
same leading variable) then adds a new polynomial to account for the triangular form. The new
polynomial replaces one of the older polynomials in the pair.

For non-linear systems, we will try an approach that is similar, not but identical. We w:ll
look for polynomials in the ideal that do not satisfy the Grobner basis property, we will add
a new polynomial to repair this defect. We will not, however, replace the older polynomials,
because in a non-linear system this might cause us either to lose the Grobner basis property or
even to change the ideal.

Example 10.63:  Let F = (xy +xz+z%,yz+2?), and use grevlex with x > y > z. The
S-polynomial of f; and f, is

Szz(xy—i—xz—i—zZ)—x(yz—i—zz) = 2.

Let G = (xy 4+ xz + z?,2°); thatis, G is F with f, replaced by S. It turns out that yz + z2 & (G).
If it were, then
yz+z2=h, (xy—|—xz—0—22> + by 2.

Every term of the right hand side will be divisible either by x or by z2, but yz is divisible by
neither. Hence yz + z? € (G). 4

Thus we will adapt Algorithm 5 without replacing or discarding any polynomials. How will
we look for polynomials in the ideal that do not satisfy the Grobner basis property? For Guas-
sian elimination with linear polynomials, this was “obvious”: look for polynomials whose lead-
ing variables are the same. With non-linear polynomials, Buchberger’s characterization (Theo-
rem 10.51) suggests that we compute the S-polynomials, and top-reduce them. If they all top-
reduce to zero, then Buchberger’s characterization implies that we have a Grobner basis already,
so there is nothing to do. Otherwise, at least one S-polynomial does not top-reduce to zero,
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Algorithm 6. Buchberger’s algorithm to compute a Grobner basis

1: inputs

2 F=(f,/fp--»[f,) whereeach f; € F[xy,...,x,].
3: <, an admissible ordering.

4: outputs

5. G, a Grobner basis of (F) with respect to <.

6: do

72 LetG:=F

8: LetP={(f,g): Vf,g €Gsuchthat f # g}

9:  whileP #0

10: Choose (f,g) €P
11: Remove (f, g) from P
12: Let S be the S-polynomial of f, g

13: Let » be the top-reduction of § with respect to G
14: if r #0

15: Replace P by PU{(h,r): h € G}

16: Append 7 to G

17:  return G

so we add its reduced form to the basis and test the new S-polynomials as well. This suggests
Algorithm 6.

Theorem 10.64:  For any list of polynomials F over a field, Buchberger’s algo-
rithm terminates with a Grobner basis of (F).

Correctness isn’t hard if Buchberger’s algorithm terminates, because it discards nothing, adds
only polynomials that are already in (F), and terminates only if all the S-polynomials of G top-
reduce to zero. The problem is termination, which relies on the Ascending Chain Condition.

PROOF: For termination, let IF be a field, and F a list of polynomials over [F. Designate

L= (Im(g),Im(g,),...,Im(g,,),Im(g,,11))
USS <1m (g1),Im(g),...,Im(g,,),Im (8m+1> ,Im (gm+2)>

[;=(Im(g),Im(gy),...,Im(g,,),Im(g,,+1),Im (g, 42)s-->Im(g,,4;))

where g, , ; is the ith polynomial added to G by line 16 of Algorithm 6.

We claim that I, € I; € I, C --- is a strictly ascending chain of ideals. After all, a poly-
nomial 7 is added to the basis only when it is non-zero (line 14); since it has not top-reduced to
zero, Im (7) is not top-reducible by

G, = (81:82:---a8m+i—1) .
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Thus for any p € G,_;, Im(p) does not divide Im (7). We further claim that this implies that
p) € I,_;. By way of contradiction, suppose that it is. By Exercise 10.59 on page 250, any
list of monomials is a Grobner basis; hence

T = (Im(gy),Im(gy),- -, Im (g 4i-1))

is a Grobner basis, and by Definition 10.44 every polynomial in 7;_; is top-reducible by 7. Since
p is not top-reducible by 7', Im (p) € I,_,.

Thusl;,_; CI;,and I, C I, C 1, C--- isastrictly ascending chain of ideals in IF [x; x5, ..., x,,].
By Proposmon 8.34 and Definition 8.32, there exists M € N such that I;; = I}, | = ---. This
implies that the algorithm can add at most M — m polynomials to G; after having done so, any
remaining elements of P generate S-polynomials that top-reduce to zero! Line 11 removes each
pair (z,7) from P, so P decreases after we have added these M — m polynomials. Eventually P
decreases to 0, and the algorithm terminates.

For correctness, we have to show two things: first, that G is a basis of the same ideal as
F, and second, that G satisfies the Grobner basis property. For the first, observe that every
polynomial added to G is by construction an element of (G), so the ideal does not change. For
the second, let p € (G); there exist by,...,h,, €F[x,,...,x,] such that

We consider three cases. OJ

Case 1. There exists 7 such that Im (h;)Im(g;) =
Im (p).

In this case Im (g;) divides Im (p), and we are done.

Case1. Forall: =1,2,...,m,Im(h;)Im(g;) =Im(p).
This and Proposition 10.23 contradict equation (32), so this case cannot occur.

Case 1. Thereexists 7 such thatIm (b;)Im (g;) > Im (p).
Choose 7 such that Im (5;)Im(g;) is maximal among the monomials and i is maximal among
the indices. Write t =1m (b;)lm (g;). To satisty equation (32), ¢ must cancel with another term
on the right hand side. Thus, there exists j # i such that t = Im (b]»> Im ( g]->; choose such a ;.
We now show how to use the S-polynomial of g; and g; to rewrite equation (32) with a “smaller”
representation.

Let 2 € FF such that

a-lc(h;)le(g;) =—lc(h;)le(g;).
Thus

le (h;)1m (h;)lc(g;)Im(g;)
—i—a-lc(/J]~>lm<bj>lc<gj>lm<g]-> [ Nle(g;)+a- 1c<h]->lc<g]->]-t
0.
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By Lemma 10.45, Ic (b, ) Im (b;) g, +a-lc (b]-> Im <h]-> g; is a multiple of Spol (gi, gj); choose a
constant b € F and a monomial ¢t € M such that

le(h;)lm(h;) g, +a-lc </J]~> Im (/Jjg]-) = bt -Spol (gl-,gj> :

The algorithm has terminated, so it considered this S-polynomial and top-reduced it to zero with
respect to G. By Lemma 10.54 there exist ¢y,...,q,, € F [x;,...,x,] such that

Spol (8:-8;) = 2181+ + 2 &m

and Im(q;)Im(g,) < Im <Spol (gl-,gj>> < lem <lm(gl~),lm <g]~>> for each & = 1,2,...,m.
Rewrite equation (32) in the following way:
p= h1g1++hmgm

= (h1g1+++h,,8,,) —bt-Spol (g, 8;) + bt (4181 + 4 &)

lcm(lm(gi),lm<g]~>) lcm<lm(gl~),lm<gj>>
—bt- |le(g;) g —le(g;) g
Im (g;) lm(g]->
tot-(qigi+ G 8m)-
Let

bk+blf'qk, /€7él,]

lem(Im(g;),lm(g; )

R s

cm(lm(g;),Im(g; .

hy=be-lee) SRS+ beeg ko)

Now Im (H;)Im(g;) <lm(h;)Im(g;) because of cancellation in H;. In a similar way, we can

show that Im <H]-> Im (g]-> <lm <hj> Im (g]->. By substitution,
p:H1g1++ngm

There are only finitely many elements in G, so there were finitely many candidates
PROOF: We have now rewritten the representation of p so thatlm (H;) <Im (b;),solm (H;)Im(g;) <
t. We had chosen 7 maximal among the indices satistying Im (5;) Im (g;) = ¢, so if there exists
k such that the new representation has Im (4, )Im (g, ) = ¢, then & < i. Thanks to the Grobner
basis property, we can continue to do this as long as any Im (b;)Im(g;) = ¢, so after finitely
many steps we rewrite equation (32) so that Im (4,)Im(g,) <t forallk =1,2,...,m.

If we can still find 7 such that Im (b;)Im (g;) > Im (p), then we repeat the process again.
This gives us a descending chain of monomials ¢t = #; > #, > ---; Proposition 10.23(B) on
page 233, the well-ordering of the monomials under <, implies that eventually each chain must
stop. It stops only when Im (5;)Im (g;) <Im(p) for each 7. As in the case above, we cannot
have all of them smaller, so there must be at least one 7 such that Im (4,)Im (g;) =1m(p). This
implies that Im (g;) divides Im (p) for at least one g, € G. O
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Exercises

Exercise 10.65:  Using G of Exercise 10.55, compute a Grobner basis with respect to the
grevlex ordering.

Exercise 10.66:  Following up on Exercises 10.56 and 10.65, a simple diagram will help show

that it is “easier” to compute a Grobner basis in any total degree ordering than it is in the lexico-

graphic ordering. We can diagram the monomials in x and y on the x-y plane by plotting x%y”

at the point (o, 8).

(@)  Shade the region of monomials that are smaller than x?y® with respect to the lexico-
graphic ordering.

(b)  Shade the region of monomials that are smaller than x2y> with respect to the graded
reverse lexicographic ordering.

(c)  Explain why the diagram implies that top-reduction of a polynomial with leading mono-
mial x2y° will probably take less effort in grevlex than in the lexicographic ordering.

Exercise 10.67:  Let gy, 8,...,8,, € F[x{,%5,...,x,]. We say that a non-linear polynomial is
homogeneous if every term is of the same total degree. For example, xy — 1 is not homogeneous,
but xy — h? is. As you may have guessed, we can homogenize any polynomial by multiplying
every term by an appropriate power of a homogenizing variable h. When h = 1, we have the
original polynomial.
(@  Homogenize the following polynomials.
G  x2+y*—4
i)  xP—y>+1
(i)  xz+z>—4x>y —xyz?+3x
(b)  Explain the relationship between solutions to a system of nonlinear polynomials G and
solutions to the system of homogenized polynomials H.
(¢)  With homogenized polynomials, we usually use a variant of the lexicographic ordering.
Although A comes first in the dictionary, we pretend that it comes last. So x > y5? and
y > h'°, Use this modified lexicographic ordering to determine the leading monomials
of your solutions for part (a).
(d)  Does homogenization preserve leading monomials?

Exercise 10.68:  Assume that the gy, g,,...,g,, are homogeneous; in this case, we can build
the ordered Macanlay matrix of G of degree D in the following way.

e Each row of the matrix represents a monomial multiple of some g;. If g; is of degree
d < D, then we compute all the monomial multiples of g; that have degree D. There are
of these.

e Each column represents a monomial of degree d. Column 1 corresponds to the largest
monomial with respect to the lexicographic ordering; column 2 corresponds to the next-
largest polynomial; etc.

e Each entry of the matrix is the coefficient of a monomial for a unique monomial multiple
of some g;.
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()  The homogenization of the circle and the hyperbola gives us the system
F= (x2+y2—4h2,xy —h2> .

Verify that its ordered Macaulay matrix of degree 3 is

Show that if you triangularize this matrix without swapping columns, the row corre-
sponding to xf, now contains coefficients that correspond to the homogenization of
X+ 9> —4y.
(b)  Compute the ordered Macaulay matrix of F of degree 4, then triangularize it. Be sure not
to swap columns, nor to destroy rows that provide new information. Show that
e the entries of at least one row correspond to the coefficients of a multiple of the
homogenization of x +y° — 4y, and
e the entries of at least one other row correspond to the coefficients of the homoge-
nization of + (y* — 4y +1).
(¢)  Explain the relationship between triangularizing the ordered Macaulay matrix and Buch-
berger’s algorithm.
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Sage programs

The following programs can be used in Sage to help make the amount of computation
involved in the exercises less burdensome. Use
e M, mons = sylvester_matrix(F,d) to make an ordered Macaulay matrix of degree d
for the list of polynomials F,
e N = triangularize_matrix(M) to triangularize M in a way that respects the monomial
order, and
e extract_polys(N,mons) to obtain the polynomials of N.

def make_monomials(xvars,d,p=0,order="1lex"):

result = set([1])
for each in range(d):

new_result = set()

for each in result:

for x in xvars:
new_result.add(each#*x)

result = new_result
result = list(result)
result.sort(lambda t,u: monomial_cmp(t,u))
n = sage.rings.integer.Integer (len(xvars))
return result

def monomial_cmp(t,u):
xvars = t.parent().gens()
for x in xvars:
if t.degree(x) != u.degree(x):
return u.degree(x) - t.degree(x)
return O

def homogenize_all(polys):
for i in range(len(polys)):
if not polys[i].is_homogeneous():
polys[i] = polys[i] .homogenize ()

def sylvester_matrix(polys,D,order="lex"):
L=17[]
homogenize_all(polys)
xvars = polys[0].parent().gens()
for p in polys:
d =D - p.degree()
R = polys[0].parent()
mons = make_monomials(R.gens(),d,order=order)
for t in mons:

L.append (t*p)
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mons = make_monomials(R.gens(),D,order=order)
mons_dict = {}
for each in range(len(mons)):
mons_dict.update ({mons[each] :each})
M = matrix(len(L),len(mons))
for i in range(len(L)):
p = L[i]
pmons = p.monomials()
pcoeffs = p.coefficients()
for j in range(len(pmons)):
M[i,mons_dict[pmons[j]]] = pcoeffsl[j]
return M, mons

def triangularize_matrix(M):
N = M.copy(Q)
m = N.nrows()
n = N.ncols()
for i in range(m):
pivot = 0
while pivot < n and N[i,pivot] ==
pivot = pivot + 1
if pivot < n:
a = N[i,pivot]
for j in range(i+1,m):
if N[j,pivot] != 0:
b = N[j,pivot]
for k in range(pivot,n):
N[j,k] = a * N[j,k] - b x N [i,k]
return N

def extract_polys(M, mons):
L=1_[]
for i in range(M.nrows()):
p = 0 for j in range(M.ncols()):
if M[i,j] !'= 0:
p =p + M[i,jl*mons[j]
L.append (p)
return L
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10.6: Elementary applications

We now turn our attention to posing, and answering, questions that make Grobner bases
interesting. Recall from Section

e [ is an algebraically closed field—that is, all polynomials over FF have their roots in IF;
e R=1IF][x;,x,,...,x,] is a polynomial ring;

e CR;

e V; CF” is the set of common roots of elements of F;

o [/ =(F);and

e G=(g,%>---»8,) 1s a Grobner basis of / with respect to an admissible ordering.

Note that C is algebraically closed, but R is not, since the roots of x? 4+ 1 € R [x] are not in RR.
Our first question regards membership in an ideal.

Theorem 10.69 (The Ideal Membership Problem):  Let p € R. The follow-
ing are equivalent.

A) pel
(B)  p top-reduces to zero with respect to G.

PROOF: That (A) = (B): Assume that p € I. If p = 0, then we are done. Otherwise,
the definition of a Grobner basis implies that Im (p) is top-reducible by some element of G.
Let g € G such that Im(g) | Im(p), and choose ¢ € F and # € M such that Ic(p)Im (p) =
cu-le(g)lm(g). Let r; be the result of the top-reduction; that is,

rn=p—cu-g.

Then Im (7;) < Im(p) and by the definition of an ideal, ; € 1. If »; = 0, then we are done;
otherwise the definition of a Grobner basis implies that Im (p) is top-reducible by some element
of G. Continuing as above, we generate a list of polynomials p, 7, 7,,... such that

Im(p)>Im(r) >Im(r,) >---.

By the well-ordering of M, this list cannot continue indefinitely, so eventually top-reduction
must be impossible. Choose z such that 7; does not top-reduce with respect to G. Inductively,
r; €1, and G is a Grobner basis of 7, so it must be that r; = 0.

That (B) == (A): Assume that p top-reduces to zero with respect to G. Lemma 10.54
implies that p € 1. O

Now that we have ideal membership, let us return to a topic we considered briefly in
Chapter 7. In Exercise 8.25 on page 174 you showed that

...the common roots of f1, f,..., f,, are common roots of all polynomials in the

ideal 1.
Since I = (G), the common roots of g;,,,...,g,, are common roots of all polynomials in /.
Thus if we start with a system F, and we want to analyze its polynomials, we can do so by
analyzing the roots of any Grobner basis G of (F). This might seem unremarkable, except that
like triangular linear systems, it is easy to analyze the roots of Grobner bases! Our next result gives
an easy test for the existence of common roots.
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Theorem 10.70:  The following both hold.

(A) Vi = Vi; that is, common roots of F are common roots of G, and vice versa.

(B) F has no common roots if and only if G contains a nonzero constant polynomi-

als.
PROOF: (A) Let @ € V. By definition, f; (ay,...,,) = 0foreach i = 1,...,m. By construc-
tion, G C (F), so g € G implies that g = b f; +---+ b, f,, for certain hy,...,h,, € R. By
substitution,

That is, « is also a common root of G. In other words, V; C V..

On the other hand, F C (F) = (G) by Exercise 10.57, so a similar argument shows that
Vi 2 V. We conclude that Vi = V..

(B) Let g be a nonzero constant polynomial, and observe that g (a4,...,2,) # 0 for any
a € F”. Thus, if g € G, then V; = 0. By (A), V; = V5 =0, so I has no common roots if G
contains a nonzero constant polynomial.

For the converse, we need the Weak Nullstellensatz, Theorem 8.105 on page 201. If F has
no common roots, then V; =0, and by the Weak Nullstellensatz, / = R. In this case, 15 € I.
By definition of a Grobner basts, there is some g € G such that Im (g) | Im (15). This requires
g to be a constant. O

Once we know common solutions exist, we want to know how many there are.

Theorem 10.71:  There are finitely many complex solutions if and only if for
eachi=1,2,...,n we can find g € G and a € N such that Im (g) = x¢.

Theorem 10.71 is related to a famous result called Hilbert’s Nullstellensatz.

PROOF OF THEOREM 10.71: Observe that we can find g € G and @ € N such that Im (g) = x¢
foreach i =1,2,...,n if and only if R/ is finite; see Figure . However, R /I is independent of
any monomial ordering. Thus, we can assume, without loss of generality, that the ordering is
lexicographic.

Assume first that for each 7 = 1,...,7 we can find g € G and 2 € N such that Im (g) =
x?. Since x,, is the smallest variable, even x,_; > x,, so g must be a polynomial in x,, alone;
any other variable in a non-leading monomial would contradict the assumption that Im(g) =
x?. The Fundamental Theorem of Algebra implies that g has 2 complex solutions. We can
back-substitute these solutions into the remaining polynomials, using similar logic. Each back-
substitution yields only finitely many solutions. There are finitely many polynomials, so G has
finitely many complex solutions.

Conversely, assume G has finitely many solutions; call them a(1),..., oY) € F”. Let

J= <x1—agl),...,xn—a£1)>m---m<x1—a§g),...,xn—anz)>.
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Recall that [ is an ideal. You will show in the exercises that 7 and ] have the same common
solutions; that is, V; = V.

For any f € +/1, the fact that R is an integral domain implies that
f(a)=0 <~ f*(a)=0qaeNT,

so Vi =V ;. Let K be the ideal of polynomials that vanish on V;. Notice that I C VICK

by definition. We claim that 4/ D K as well. Why? Let » € K be nonzero. Consider the
polynomial ring F [x,,...,x,,y] where y is a new variable. Let A = (f,,..., f,,,1—yp). Notice
that V; =0, since f; = 0 for each i implies that p =0, but then 1 —yp # 0. By Theorem 10.70,
any Grobner basis of A has a nonconstant polynomial, call it c. By definition of A, there exist
Hy,...,H,  €F][x...,x,,y] such that

m

C:Hlﬂ+"'+Hmfm+Hm+1(1_yp)'

Let b, = ¢ 'H, and
V=hifit A byt (1=yp).
Puty = % and we have

L=hifit+-+hufutby,0

where each 5; is now in terms of xy, ..., x,, and 1/ p. Clear the denominators by multiplying
both sides by a suitable power 4 of p, and we have

P =hiht B L

where each b € R. Since I = (f},..., f,,,), we see that p* € I. Thus p € V1. Since p was abitrary

in K, we have v/I D K, as claimed.
We have shown that K = +/1. Since K is the ideal of polynomials that vanish on V, and
by construction, V = Vi =V, You will show in the exercises that | = \/7 ,so0V = |% i

Hence +/1 = 4/]. By definition of J,

foreach j =1,...,7. Since VI =], suitable choices of ay...,a, €EINT give us

4

6]1:1_[<x1—a§ ) ﬁ(x —al) el.

1=1

Notice that Im (¢;) = x;i for each 7. Since G is a Grobner basis of 7, the definition of a Grobner
basis implies that for each i there exists g € G such that Im(g) | Im(g;). In other words, for
each i there exists g € G and 2 € N such that Im (g) = x?. O
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Example 10.72:  Recall the system from Example 10.52,
F= <x2—|-y2—4,xy— 1) .

In Exercise 10.55 you computed a Grobner basis in the lexicographic ordering. You probably
obtained this a superset of
G= (x —|—y3—4y,y4—4y2+ 1> .

G is also a Grobner basis of (F). Since G contains no constants, we know that F has common
roots. Since x = Im (g,) and y* = Im (g,), we know that there are finitely many common roots.

4

We conclude by pointing in the direction of how to find the common roots of a system.

Theorem 10.73 (The Elimination Theorem):  Suppose the ordering is lexico-

graphic with x; > x, > --+ > x,. Forall i = 1,2,...,n, each of the following

holds.

(A) I =INF[x;,%x; q,...,x,] is an ideal of F [x;,%; q,...,x,]|. (Ifi=n,
then ] =1 NE.)

(B) G=GnNF [xi, X;4qreens xn] is a Grobner basis of the ideal 1.

PROOF: For (A), let f, g eland b eF [xl-,xl-H,...,xn]. Now f, g €I as well, we know that

f — g € I, and subtraction does not add any terms with factors from xy,...,x;,_;,s0 f —g €
IF [x;,%;1,...,%,]| as well. By definition of I, f — g € I. Similarly, b € F[x},x,,...,x,] as
well, so fh € I, and multiplication does not add any terms with factors from x;,...,x;_4, so

fheF [xi,xl-H, ... ,xnlas well. By definition off, fhe I.

For (B), let p € I. Again, p € I, so there exists g € G such that Im (g) divides Im (p).
The ordering is lexicographic, so g cannot have any terms with factors from x;,...,x;_;. Thus
g€F [9&, X;fqsenes xn] . By definition of @, g€e G. Thus G satisfies the definition of a Grobner
basis of /. O

The ideal I is important enough to merit its own terminology.

Definition 10.74:  For: = 1,2,...,n the ideal I=INF [xl-,xiﬂ,...,xn] is
called the ;th elimination ideal of /.

Theorem 10.73 suggests that to find the common roots of F, we use a lexicographic ordering,
then:

e find common roots of GNF [x,,];

e back-substitute to find common roots of GNF [x,_;,x, ];

° ...

e back-substitute to find common roots of GNIF [x{,x,,...,x,].

Example 10.75:  We can find the common solutions of the circle and the hyperbola in Fig-
ure 10.1 on page 241 using the Grobner basis computed in Example 261 on page 10.72. Since

G= <x+y3—4y,y4—4y2+1),
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we have

CA;:GHC[y] :{y4—4y2+1}.

It isn’t hard to find the roots of this polynomial. Let # = y?; the resulting substitution gives us
the quadratic equation #? — 4% + 1 whose roots are

444/(—4)2—4-1-1
u= \/( 2) =244/3.

Back-substituting # into G,
y =44 =+ 2+ /3.

We can now back-substitute y into G to find that

X :—y3+4y

::F< 2iﬁ>3i4m.

Thus there are four common roots, all of them real, illustrated by the four intersections of the
circle and the hyperbola. 4

Exercises.

Exercise 10.76:  Determine whether x® + x* +5y —2x +3xy% + xy + 1 is an element of the
ideal (x?+1,xy+1).

Exercise 10.77:  Determine the common roots of x> + 1 and xy + 1 in C.
Exercise 10.78:  Repeat the problem in Z,.

Exercise 10.79:  Suppose A, B are ideals of R.

(@  Showthat V4 =V (A)UV (B).

(b)  Explain why this shows that for the ideals 7 and J defined in the proof of Theorem 10.71,
V] = ‘/]



Chapter 11:

Advanced methods of computing Grobner bases

11.1: The Gebauer-Moller algorithm

Buchberger’s algorithm (Algorithm 6 on page 252) allows us to compute Grobner bases,
but it turns out that, without any optimizations, the algorithm is quite inefficient. To explain
why this is the case, we make the following observations:

1. The goal of the algorithm is to add polynomials until we have a Grébner basis. That is,
the algorithm is looking for new information.
2. We obtain this new information whenever an S-polynomial does not reduce to zero.
3. When an S-polynomial does reduce to zero, we do not add anything. In other words, we
have no new information.
4. Thus, reducing an S-polynomial to zero is a wasted computation.
With these observations, we begin to see why the basic Buchberger algorithm is inefficient: it
computes every S-polynomial, including those that reduce to zero. Once we have added the
last polynomial necessary to satisfy the Grobner basis property, there is no need to continue.
However, at the very least, line 15 of the algorithm generates a larger number of new pairs for P
that will create S-polynomials that will reduce to zero. It is also possible that a large number of
other pairs will not yet have been considered, and so will also need to be reduced to zero! This
prompts us to look for criteria that detect useless computations, and to apply these criteria in
such a way as to maximize their usage. Buchberger discovered two additional criteria that do this;
this section explores these criteria, then presents a revised Buchberger algorithm that attempts
to maximize their effect.

The first criterion arises from an observation that you might have noticed already.

Example 11.1:  Let p = x*> +2xy + 3x and ¢ = y? + 2x + 1. Consider any ordering such that
Im (p) = x? and Im (g) = y?. Notice that the leading monomials of p and g are relatively prime;
that is, they have no variables in common.

Now consider the S-polynomial of p and ¢ (we highlight in each step the leading mono-
mial under the grevlex ordering):

S=y"p—x’q
= 2xy3 —2x° + 3xy2 —x?
This S-polynomial top-reduces to zero:

§S—2xyq = (3xy2 —2x° — x2> — <4x2y +2xy>
= 2% — 4x2y + 3xy2 —x?— 2xy;
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then
(S—2xyq)+2xp = <—4x2y +3xy% — x? —2xy> + <4x2y + 6x2>
= 3xy2 +5x% — 2xy;
then
(S—2xyq+2xp)—3xq = <5x2 —2xy> — <6x2 + 3x>
= —x*— 2xy —3x;
finally

(S—=2xyq+2xp—3xq)+p = (—2xy —3x) + (2xy + 3x)
=0.4

To generalize this beyond the example, observe that we have shown that
S+(2x+1)p—(2xy+3x)g=0

or

S=—(2x+1)p+ (2xy +3x)q.

If you study p, ¢, and the polynomials in that last equation, you might notice that the quotients
from top-reduction allow us to write:

§=—(q—lc(q)lm(q))- p+ (p—lc(p)Im(p))-q.

This is rather difficult to look at, so we will adopt the notation for the trailing terms of p—that
is, all the terms of p except the term containing the leading monomial. Rewriting the above
equation, we have

S=—us(q) p+1ts(q) p.
If this were true in general, it might—might—be helpful.

Lemma 11.2 (Buchberger’s ged criterion):  Let p and q be two polynomials
whose leading monomials are u and v, respectively. If u and v have no common
variables, then the S-polynomial of p and q has the form

S=—tts(q)-p+ts(p)-q.

PROOF: Since # and v have no common variables, lem (#,v) = #v. Thus the S-polynomial of
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pandq is
5:10(4)'%%—7) (e(p)-utus(p))—le(p)- —-(le(q)-v+us(q))
=lc(q)-v-tus(p)—lc(p) -u-ts(q)
=lc(q)-v tts( )—lc( )-u-tts(g )—1—[tt (p)-tts(q)—tts(p)-tts(q)]
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Lemma 11.2 is not quite enough. Recall Theorem 10.51 on page 246, the characterization
theorem of a Grébner basis:
Theorem 11.3 (Buchberger’s characterization):  Let g1, 85,---,8,, €
IF [xy,%,,...,%,]. The following are equivalent.
A)  G=1(g1,&>---»8,) is a Grobner basis of the ideal I = (g, &,--- &,,)-
(B)  For any pair i,] with 1 < i < j < m, Spol ( g;s gj) top-reduces to zero
with respect to G.

To satisfy Theorem 10.51, we have to show that the S-polynomials top-reduce to zero. However,
the proof of Theorem 10.51 used Lemma 10.54:
Lemma 11.4:  Let p,f, frs---s [y EF [, %0503 x,]. Let F = (f15 frs--es frn)-
Then (A) implies (B) where
(A)  p top-reduces to zero with respect to F.
(B)  There exist q,,4,,---+9,, € F[x1,%y,...,x,] such that each of the following
holds:

(B]) p:qlfl—i_qlfé—'——i_qum’“nd
(B2)  Foreachk=1,2,...,m,q, =00rlm(q,)Im(g,) <Im(p).
We can describe this in the following way, due to Daniel Lazard:

Theorem 11.5 (Lazard’s characterization):  Ler €1:825->8&m €

F [xy,%,,...,%,]. The following are equivalent.

(A)  G=1(g1,&> -8, is a Grobner basis of the ideal I = (g, &,--- &,,)-

(B)  For any pair 1, with 1 < i < j < m, Spol ( g gj) top-reduces to zero
with respect to G.

(C)  Forany pairi,j with1 <i <] <m, Spol (gi, gj> has the form

Spol (8:8;) = 4181 + 028+ + T &m

and for each k = 1,2,....m, q, = 0 or Im(q,)Im(g,) <
e )

PROOF: That (A) is equivalent to (B) was the substance of Buchberger’s characterization. That
(B) implies (C) is a consequence of Lemma 10.54. That (C) implies (A) is implicit in the proof of
Buchberger’s characterization: you will extract it in Exercise 11.13. O
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The form of an S-polynomial described in (C) of Theorem 11.5 is important enough to
identify with a special term.

Definition 11.6: Let G = (g1, ,---,8,,). We say that the S-polynomial
of g; and g; has an S-representation (qy,...,q,,) with respect to G if
15925+ 3G, EF[x,...,x,] and (C) of Theorem 11.5 is satisfied.

Lazard’s characterization allows us to show that Buchberger’s ged criterion allows us to avoid
top-reducing the S-polynomial of any pair whose leading monomials are relatively prime.

Corollary 11.7:  Let g1, 8,---, 8, €F[x1,%y,...,x,]. The following are equiv-
alent.

(A)  G=1(81,&>---»8,) isa Grobner basis of the ideal I = (g, &5---»&,,)-

(B)  Forany pair (i,7) with 1 <1 < j < m, one of the following holds:

(B1)  The leading monomials of g; and g; have no common variables.

(B2) Spol ( g gj) top-reduces to zero with respect to G.

PROOF: Since (A) implies (B2), (A) also implies (B). For the converse, assume (B). Let P be the
set of all pairs of P that have an S-representation with respect to G. If (7, ) satisfies (B1), then
Buchberger’s ged criterion (Lemma 11.2) implies that

Spol (8:-8;) = 4181+ + 2 &m (33)

where ¢; = —tts (g]->, q; =tts(g;), and g, = 0for k # i, ;. Notice that

Im(g;)Im(g;) =1m <tts <g]->> ‘Im(g;) <Im (gj)lm(gi) =lecm (lm(gi),lm (g])).

Thus 33 is an S-representation of Spol (gi,gj), so (i,7) € P. If (i,7) satisfes (B2), then by

Lemma 10.54, (i,7) € P also. Hence every pair (z,7) is in P. Lazard’s characterization now
implies that G is a Grobner basis of (G); that is, (A). O

Although the ged criterion is clearly useful, it is rare to encounter in practice a pair of
polynomials whose leading monomials have no common variables. That said, you have seen
such pairs once already, in Exercises 10.55 and 10.65.

We need, therefore, a stronger criterion. The next one is a little harder to discover, so we
present it directly.

Lemma 11.8 (Buchberger’s lcm criterion):  Let p and q be two polynomials
whose leading monomials are u and v, respectively. Let f be a polynomial whose

leading monomial is t. If t divides lem (u,v), then the S-polynomial of p and q

has the form
_lc(q)-lcm(u,v) le(p)-lem(u,v)
S = e tm ) PP A em(z ) PO 69
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PROOF: First we show that the fractions in equation (34) reduce to monomials. Let x be any
variable. Since ¢ divides lem (#,v), we know that

deg, t <deg, lem (#,v) = max (deg, #,deg, v).
(See Exercise 11.12.) Thus
deg, lem (£, #) = max (deg, ¢,deg, #) < max (deg, #,deg, v) = deg, lem (#,v).
A similar argument shows that
deg, lem (t,v) < deg, lem (#,v).

Thus the fractions in (34) reduce to monomials.

It remains to show that (34) is, in fact, consistent. This is routine; working from the right,
and writing S, ;, for the S-polynomial of 2 and & and L, ;, for lem (4, &), we have

How does this help us?

Corollary 11.9:  Let gy, 2,---» &, €F [x1,%y,...,x,]. The following are equiv-
alent.

(A)  G=1(g1,&> -8, isa Grobner basis of the ideal I = (g{, &,--- &,,)-
(B)  Forany pairi,j with1<i < j < m, one of the following holds:
(B1)  The leading monomials of g; and g; have no common variables.
(B2)  There exists k such that

e Im (g,) divides lem <lm (g;),lm (g]->>;
e Spol(g;, g) has an S-representation with respect to G; and
e Spol ( 2> gj> has an S-representation with respect to G.

(B3)  Spol ( 2 g]~> top-reduces to zero with respect to G.

PROOF: We need merely show that (B2) implies the existence of an S-representation of Spol ( g gj)
with respect to G; Lazard’s characterization and the proof of Corollary 11.7 supply the rest. So
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assume (B2). Choose by, h,,..., h, such that
Spol(g;>8x) = higi+-+h,8m
and for each £ = 1,2,...,m we have h; =0 or
m (hy)Im(g) <lem(Im(g;),Im(gz)).
Also choose ¢4,9,,...,4,, such that
Spol (8k,8;) = 2181+ + 2 &m
and for each £ = 1,2,..., m we have ¢, = 0 or

Im () m (g,) < lem (Im (g¢),Im (g; ) ).

Write L, ,, =lem (Im(g,),lm(g;)). Buchberger’s lem criterion tells us that

le (g'> L; le(g;)-L;;
Spol (g, g ]—] -Spol (g;, ) + . Spol (g, g;) -
(8:87) = le(g)-L le(gr)-Ljg (81:3))
Fori=1,2,...,m let
le(g;)-L;; le(g;)-L;
H — <J> ]_hi+ (&) ].qi.
le(ge)-Lig le(gp) Ljp
Substitution implies that
Spol (g:,8;) = Hi g1+ +H,, 8, (35)

In addition, for each 7 = 1,2,...,m we have H; =0 or

Li,j Li,j
Am(h;), —-lm(g;) | -Im(g;)
L L

Im (H;)Im(g;) Smax<

L. L;
= max <—’]-lm(hl-)lm(gi)>L_J'lm(4i)lm(gi)>

L jik

e

=L;;

=lcm (lm(gi)’lm <gf>>'

Thus equation (35) is an S-representation of Spol ( 2 gj>.
The remainder of the corollary follows as described. O

It is not hard to exploit Corollary 11.9 and modify Buchberger’s algorithm in such a
way as to take advantage of these criteria. The result is Algorithm 7. The only changes to
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Algorithm 7. Buchberger’s algorithm with Buchberger’s criteria

1: inputs

2 F=(f,/f»--->[,) alist of polynomials in 7 variables, whose coefficients are from a field
F.

3: outputs

4 G=(g&--->8y), a Grobner basis of (F). Notice #G = M which might be different
from m.

5: do

6: LetG:=F

7. LetP={(f,g): Vf,g €Gsuchthat f # g}

8: Let Done = {}

9:  while P 7é 0

10: Choose (f,g)€P
11: Remove (f, g) from P

12: if Im (f) and Im (g) share at least one variable

13: if not @p # f, g such that Im (p) divides lem (Im (f),lm(g)) and (p,f),(p,g) €
Done)

14: Let S be the S-polynomial of £, g

15: Let 7 be the top-reduction of § with respect to G

16: if r #£0

17: Replace P by PU{(h,r): Vh e G}

18: Append r to G

19: Add (f, g) to Done
20:  return G
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Algorithm 8. Gebauer-Maller algorithm

1: inputs
2 F=(f,/fp»---> /), alist of polynomials in 7 variables, whose coefficients are from a field
F.
3: outputs
4 G=(gg--->&y)> a Grobner basis of (F). Notice #G = M which might be different
from m.
5: do
6: LetG:= {}
7. LetP:= {}
8: while F #0
9: Let feF
10: Remove f from F

9
11: G, P := Update (G, P, f)
122 while P #£0
13: Pick any(f, g) € P, and remove it
14: Let » be the top-reduction of Spol (f, g) with respect to G
15: ifh#0
16: G, P :=Update (G, P, h)
17:  return G

Buchberger’s algorithm are the addition of lines 8, 19, 12, and 13; they ensure that an S-poly-
nomial is computed only if the corresponding pair does not satisfy one of the ged or Iem criteria.

It is possible to exploit Buchberger’s criteria more efficiently, using the Gebauer-Moller
algorithm (Algorithms 8 and 9). This implementation attempts to apply Buchberger’s criteria as
quickly as possible. Thus the first while loop of Algorithm 9 eliminates new pairs that satisty
Buchberger’s lem criterion; the second while loop eliminates new pairs that satisfy Buchberger’s
ged criterion; the third while loop eliminates some old pairs that satisfy Buchberger’s lem cri-
terion; and the fourth while loop removes redundant elements of the basis in a safe way (see
Exercise 10.62).

We will not give here a detailed proof that the Gebauer-Mdller algorithm terminates
correctly. That said, you should be able to see intuitively that it does so, and to fill in the details
as well. Think carefully about why it is true. Notice that unlike Buchberger’s algorithm, the
pseudocode here builds critical pairs using elements (f, g) of G, rather than indices (z,7) of G.

For some time, the Gebauer-Moller algorithm was considered the benchmark by which
other algorithms were measured. Many optimizations of the algorithm to compute a Grob-
ner basis can be applied to the Gebauer-Moller algorithm without lessening the effectiveness of
Buchberger’s criteria. Nevertheless, the Gebauer-Moller algorithm continues to reduce a large
number of S-polynomials to zero.

Exercises.
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Algorithm 9. Update the Gebauer-Moller pairs
1: inputs
Gol 42 list of polynomials in 7 variables, whose coefficients are from a field FF.

»

3 Pjg 2setof critical pairs of elements of G4
4:  anon-zero polynomial p in <G01 d>

5: outputs

6:  Gpew a (possibly different) basis of <G ol d>‘
7. P g 2 set of critical pairs of Gpevy

8: do

9

Let C:= {(p,g) : geGold}

10: LetD:={}

11:  while C #0

12: Pick any (p,g) € C, and remove it

13: if Im(p) and Im(g) share no variables or no (p,h) € CUD satisfies
lem (Im (), Im (5)) | lem (Im (), Im ()

14: Add (p,g) to D

15: Let E:=0

16:  while D #0
17: Pick any (p,g) € D, and remove it

18: if Im (p) and Im (g) share at least one variable
19: E:=EU(p,g)
Let P, . :={}

20:  while Pold 7& 0

21: Pick (f, g) € P> and remove it

22: if Im(p) does not divide lem(Im(f),lm(g)) or lem(Im(p),lm(h)) =
lem(Im(f),lm(g)) for h e {f, g}

23: Add (f, g) to Pint
24 Ppey =Py UE

25:  Let Gpew :=1{}
26:  while GOld 7£ 0

27 Pick any g € G |4, and remove it
28: if Im (p) does not divide Im (g)
29: Add g to Gpew

30:  Add p to Gpew
31:  return GpewPhew
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Exercise 11.10:  In Exercise 10.55 on page 250 you computed the Grobner basis for the system
F= <x2—i—y2—4,xy— 1>

in the lexicographic ordering using Algorithm 6 on page 252. Review your work on that prob-
lem, and identify which pairs (7, ;) would not generate an S-polynomial if you had used Algo-
rithm 7 on page 270 instead.

Exercise 11.11:  Use the Gebauer-Moller algorithm to compute the Grobner basis for the sys-
tem

F= <x2+y2—4,xy—1>.

Indicate clearly the values of the sets C, D, E, Gpew, and Pyey, after each while loop in Algo-
rithm 9 on the facing page.

Exercise 11.12:  Let ¢, # be two monomials, and x any variable. Show that

deg, lem (¢, #) = max (deg, t,deg, #).

Exercise 11.13:  Study the proof of Buchberger’s characterization, and extract from it a proof
that (C) implies (A) in Theorem 11.5.

11.2: The F4 algorithm

An interesting development of the last ten years in the computation of Grobner bases has
revolved around changing the point of view to that of linear algebra. Recall from Exercise 10.68
that for any polynomial system we can construct a matrix whose triangularization simulates
the computation of S-polynomials and top-reduction involved in the computation of a Grobner
basis. However, a naive implementation of this approach is worse than Buchberger’s method:

e every possible multiple of each polynomial appears as a row of a matrix;
e many rows do not correspond to S-polynomials, and so are useless for triangularization;
e as with Buchberger’s algorithm, where most of the S-polynomials are not necessary to
compute the basis, most of the rows that are not useless for triangularization are useless
for computing the Grobner basis!
Jean-Charles Faugere devised two algorithms that use the ordered Macaulay matrix to compute
a Grobner basis: F4 and F5. We focus on F4, as F5 requires more discussion than, quite frankly,
I’'m willing to put into these notes at this time.

Remark 11.14:  F4 does not strictly require homogeneous polynomials, but for the sake of
simplicity we stick with homogeneous polynomials, so as to introduce d-Grobner bases.

Rather than build the entire ordered Macaulay matrix for any particular degree, Faugere first
applied the principle of building only those rows that correspond to S-polynomials. Thus, given
the homogeneous input

F= <x2+y2—4b2,xy—b2),
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the usual degree-3 ordered Macaulay matrix would be

1 1 —4
1 1 —4
1 1 —4
1 —1
1 —1
1 -1
However, only two rows of the matrix correspond to an S-polynomial: and « . For top-

reduction we might need other rows: non-zero entries of rows y f; and x £, involve the monomials
y3, xh?, and yhzg

but no other row might reduce those monomials: that is, there is no top-reduction possible. We
could, therefore, triangularize just as easily if we built the matrix

1 1 —4
1 -1

Triangularizing it results in

1 1 —4 ,
1 4

whose corresponds to the S-polynomial y f; — x f,. We have thus generated a new polynomial,

f =9 +xh?+4yh

Proceeding to degree four, there are two possible S-polynomials: for (f,/3) and for
(f2,/3). We can discard (f;, f;) thanks to Buchberger’s ged criterion, but not (£, f3). Build-
ing the S-polynomial for (£, ;) would require us to subtract the polynomials y2f, and x f;.
The non-leading monomial of y?f, is y?/?%, and no leading monomial divides that, but the non-
leading monomials of x £ are x?>? and xyh?, both of which are divisible by »?f, and h%f,. The
non-leading monomials of 4?f; are y2h?, for which we have already introduced a row, and A*,
which no leading monomial divides; likewise, the non-leading monomial of A%/, is h*.

We have now identified all the polynomials that 7ight be necessary in the top-reduction
of the S-polynomial for (£, f5):

y2fy,x fy, B2 f,, and b2y
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We build the matrix using rows that correspond to these polynomials, resulting in

Triangularizing this matrix results in (step-by-step)

1 —1
1 -4 1 :
1 1 —4
1 —1
1 —1
4 0 —4 ;
1 1 —4
1 —1
and finally
1 —1
0
1 1 —4
1 —1

This corresponds to the fact that the S-polynomial of £, and £ reduces to zero: and we can now
stop, as there are no more critical pairs to consider.
Aside from building a matrix, the F4 algorithm thus modifies Buchberger’s algorithm
(with the additional criteria, Algorithm 7 in the two following ways:
e rather than choose a critical pair in line 10, one chooses a/l critical pairs of minimal degree;
and
e all the S-polynomials of this minimal degree are computed simultaneously, allowing us to
reduce them “all at once”.
In addition, the move to a matrix means that linear algebra techniques for triangularizing a ma-
trix can be applied, although the need to preserve the monomial ordering implies that column
swaps are forbidden. Algorithm 10 describes a simplified F4 algorithm. The approach outlined
has an important advantage that we have not yet explained.

Definition 11.15:  Let G be a list of homogeneous polynomials, let d € N,
and let I be a an ideal of homogeneous polynomials. We say that G is a d-
Grobner basis of [ if (G) = I and for every a < d, every S-polynomial of
degree a top-reduces to zero with respect to G.
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Algorithm 10. A simplified F4 that implements Buchberger’s algorithm with Buchberger’s cri-

teria

1: inputs

2 F={(f1,/2-+-s/n)> alist of homogeneous polynomials in 7 variables, whose coefficients
are from a field IF.

3: outputs

4 G=(g&--->8y), a Grobner basis of (F). Notice #G = M which might be different
from m.

5: do

6: LetG:=F

72 LetP:={(f,g): Vf,g € Gsuchthat f # g}

8: Let Done:= {}

9: Letd:=1

10:  whileP #0
11: Let P, be the list of all pairs (z,;) € P that generate S-polynomials of degree d
12: Replace P with P\P,
13: Denote L, , :=lem (Im (p),Im(g))
14: Let Q be the subset of P, such that (£, g) € Q implies that:
3 Im (f) and Im (g) share at least one variable; and

3 not (3p € G\{f, g} such that Im (p) divides L, , and (£, p), (
15 LetR:={tp,uq:(p.q)€Qandt =L, /Im(p),u=L,, /Im(q)
(

,p) € Done)

—— 0Q

16: Let S be the set of all #p where ¢ is a monomial, p € G, and ¢ - Im (p) is a non-leading
monomial of some g € RUS

17: Let M be the submatrix of the ordered Macaulay matrix of F corresponding to the ele-
ments of RUS

18: Let N be any triangularization of M that does not swap columns

19: Let Gpeyw be the set of polynomials that correspond to rows of N that changed from M

20: for p € Gpew

21: Replace P by PU{(h,p): Vh e G}

22: Add pto G

23: Add (f, g) to Done

24: Increase d by 1

25. return G
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Example 11.16:  In the example given at the beginning of this section,
G= <x2 + 9% —4h% xy — h%,y° + xh? —|—4y/92>

is a 3-Grobner basis. 4
A Grobner basis G is always a d-Grobner basis for all d € IN. However, not every d-Grobner
basis is a Grobner bass.

Example 11.17:  Let G = (x? 4+ h%,xy + h?). The S-polynomial of g; and g, is the degree 3

polynomial

which does not top-reduce. Let
G; = <x2 + h%, xy + h?, xh? —yh2> ;

the critical pairs of G5 are
e (g1,8), whose S-polynomial now reduces to zero;
e (g, g3;), which generates an S-polynomial of degree 4 (the lcm of the leading monomials
is x2h?); and
¢ (2,,¢3), which also generates an S-polynomial of degree 4 (the lem of the leading mono-
mials is xy5?).
All degree 3 S-polynomials reduce to zero, so Gj is a 3-Grobner basis.
However, Gj is not a Grobner basis, because the pair (g,, g;) generates an S-polynomial
of degree 4 that does not top-reduce to zero:

523 - h4 +y2h2.
Enlarging the basis to
Gy = (x?+ % xy + b xh? —yh?,y°h* + )

gives us a 4-Grobner basis, which is also the Grobner basis of G. 4

One useful property of d-Grobner bases is that we can answer some question that require
Grobner bases by short-circuiting the computation of a Grobner basis, settling instead for a d-
Grobner basis of sufficiently high degree. For our concluding theorem, we revisit the Ideal
Membership Problem, discussed in Theorem 10.69.

Theorem 11.18:  Let R be a polynomial ring, let p € R be a homogeneous poly-
nomial of degree d, and let I be a homogeneous ideal of R. The following are
equivalent.

(A) pel
(B)  p top-reduces to zero with respect to a d-Grobner G of 1.

PROOF: That (A) implies (B): If p = 0, then we are done; otherwise, let p, = p and G, be a
d-Grobner basis of 1. Since py = p € I, there exist by,...,h,, € R such that

po=hig1++h,g,
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Moreover, since p is of degree d, we can say that for every i such that the degree of g; is larger
thand, b, =0.

If there exists z € {1,2,...,m} such that Im (g;) divides Im (py), then we are done. Oth-
erwise, the equality implies that some leading terms on the right hand side cancel; that is, there
exists at least one pair (z,7) such that Im(5,)Im(g;) = Im (bj> Im (g]-> > Im (py). This can-
cellation is a multiple of the S-polynomial of g; and g;; by definition of a d-Grobner basis, this
S-polynomial top-reduces to zero, so we can replace

k(bi)hn(bi)gi+4C<hj>hn<hj>8j2241814‘“'*‘qmgm

such that each &£ = 1,2,..., m satisfies

Im (g4 ) 1m (g) <Im (5;)Im (g;).

We can repeat this process any time that Im (b;)Im(g;) > lm(p,). The well-ordering of the
monomials implies that eventually we must arrive at a representation

p0:h1g1+'”+hmgm

where at least one & satisfies Im (py) = lm (b, ) Im (g ). This says that Im (g, ) divides Im (py),
so we can top-reduce p, by g, to a polynomial p;. Note that Im (p;) <Im(p,).

By construction, p; € I also, and applying the same argument to p; as we did to p,
implies that it also top-reduces by some element of G; to an element p, € I where Im (p,) <
Im (). Iterating this observation, we have

Im (po) >1m (p;) >---

and the well-ordering of the monomials implies that this chain cannot continue indefinitely.
Hence it must stop, but since G, is a d-Grobner basis, it does not stop with a non-zero polyno-
mial. That is, p top-reduces to zero with respect to G.

That (B) implies (A): Since p top-reduces to zero with respect to G, Lemma 10.54 implies
that p €1. O

Exercises.

Exercise 11.19:  Use the simplified F4 algorithm given here to compute a d-Grobner bases for
(x*y —z%h,xz* —y%h,yz> — x*h?) for d < 6. Use the grevlex term ordering with x >y > z >
h.

Exercise 11.20:  Given a non-homogeneous polynomial system F, describe how you could
use the simplified F4 to compute a non-homogeneous Grobner basis of (F).

11.3: Signature-based algorithms to compute a Grobner basis
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This section is inspired by recent advances in the computation of Grébner basis, includ-
ing my own recent work. As with F4, the original algorithm in this area was devised by Faugere,
and is named F5 [Fau02]. A few years later, Christian Eder and I published an article that
showed how one could improve F5 somewhat [EP10]; the following year, the GGV algorithm
was published [GGV10], and Alberto Arri asked me to help him finish an article that sought to
generalize some notions of F5 [ AP]. Seeing the similarities between Arri’s algorithm and GGV,
I teamed up with Christian Eder again to author a paper that lies behind this work [EP11]. The
algorithm as presented here is intermediate between Arri’s algorithm (which is quite general)
and the one we present there (which is specialized).

In its full generality, the idea relies on a generalization of vector spaces.

Definition 11.21:  Let R be a ring. A module M over R satisfies the follow-
ing properties. Let 7,5 € R and x,y,z € M. Then
M is an additive group;

o rx EM;
o r(x+y)=rx+ry;
e (r+s)x=rx+sx;
o Ipx =x.

We will not in fact use modules extensively, but the reader should be aware of the connection.
In any case, it is possible to describe it at a level suitable for the intended audience of these notes
(namely, me and any of my students whose research might lead in this direction). We adopt the
following notation:

e R=F]|x,...,x,] is a polynomial ring;

e M the set of monomials of R;
< a monomial ordering;

fiseeos Jn ER
F=(fi,-- s /)5
I=(F).

Definition 11.22:  Let p € I and by,...,h,, € R. We say that H =
(hys...,h,,) is an F-representation of p if

If, in addition, p = 0, then we say that H is a syzygy of F.*

“It can be shown that the set of all syzygies is a module over R, called the module of syzygies.
Example 11.23:  Suppose F = (x? +y? —4,xy —1). Recall that p = x +y° — 4y € (F), since
3
x+y° =4y =yfi=xf>

In this case, (y,x) is not an S-representation of p, since ylm (f;) = x%y = lem (x?,xy). How-
ever, it 1s an F-representation.

On the other hand,

0=hfi=fih=(y=D) A~ (P +"=4) f



280 11. Advanced methods of computing Grobner bases

so (f5,—f1) is an F-representation of 0; that is, (f,,—f;) 1s a syzygy. A

Keep in mind that an F-representation is almost never an S-representation (Definition 11.6).
However, an F-representation exists for any element of 7, even if F is not a Grobner basis. An
S-representation does 7ot exist for at least one S-polynomial when F is not a Grobner basis.

We now generalize the notion of a leading monomial of a polynomial to a leading mono-
mial of an F-representation.

Definition 11.24:  Write F; for the m-tuple whose entries are all zero except
for entry z, which is 1.* Given an F-representation H of some p € I, whose
rightmost nonzero entry occurs in position z, we say that Im (5,) F; is aleading
monomial of H, and write Im (H) =1m (b;) F;. Let

S={lm(H):hfi++h,f,€1};

that is, S is the set of all possible leading monomials of an F-representation.

“In the parlance of modules, {F,...,F, } is the set of canonical generators of the free R-module
R™.

Example 11.25:  Recall F from Example 11.23. We have F; = (1,0) and F, = (0,1). The
leading monomial of (y,0) is yF,. The leading monomial of (y,x) is xF, = (0,x). The leading
monomial of (f,—f;) is Im (—f;) F, = (0,x?). 4

Once we have leading monomials of F-representations, it is natural to generalize the ordering of
monomials of M to an ordering of leading monomials.

Definition 11.26:  Define a relation < on 5 as follows: we say that tF; < «F;
if

e 1< j,0r

e i=jandt<u.

Lemma 11.27: < is a well-ordering of S.

PROOF: Let § CS. Since < is a well-ordering of IN™, there exists a minimal 7 € N such that
tF, € S forany t e M. Let T = {t : tF; € §}; notice that 7 C M. Since < is a well-ordering of
M, T has a least element ¢. By definition, tF; =< uF; for any uF; € S\ O

Corollary 11.28:  Let p € I and H the set of all possible F -representations of p.
Let
S={lm(H):HeHt}.

Then S has a smallest element with respect to <.

PROOF: § C S, which is well ordered by <. O

Definition 11.29:  We call the smallest element of S the signature of p, de-
noted by sig (p).
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Now let’s consider how the ordering behaves on some useful operations with F-representations.
First, some notation.

Definition 11.30: Ift e M and H,H' € R, we define
tH = (thy,...,th,) and H+ H' = (b +b},....h,, + 5. ).

In addition, we define tsig(p) = ¢ (#F,;) = (tu)F;.

Lemma 11.31:  Let p,q € I, H an F-representation of f, H' an F-
representation of q, and t,u € M. Suppose v =lm (H) and v =1m (H'). Each of
the following holds.
(A)  tH isan F-representation of t p;
(B) sig(tp) Itr=Im(tH);
(C)  iftt < uv, thenlm (tH+uH') = nv;
(D)  if tT = uu, then there exists ¢ €F such that1lm (ctH +uH') < tT.
(E) if Spol(p,q) = atp — buq for appropriate a,b € TF, then
sig (Spol (p,q)) R max (t7,uv);
(F)  if H" is an F-representation of p and lm (H") < 1m (H), then there exists
a syzygy Z € R such that
e H'+7 =H and
e Im(Z)=Im(H);
and
(G) if H" is an F-representation of p such that lm (H") = sig(p), then
Im (H") < Im (H) if and only if there exists a nonzero syzygy Z such that
H"+7Z=H andlm (Z) =1m (H).

It is important to note that even if 7 = Im (¢ H ), that does not imply that t7 =sig(¢p) even if
T =sig(p).

PROOF: (A) Since H is an F-representation of p, we know that p =>4, f;. By the distributive
and associative properties, tp =t > h,f; = > [(th;) f;]. Hence tH is an F-representation of
tp.

(B) The definition of a signature implies that sig(¢p) <X t7. That ttv = Im(¢tH) is a
consequence of (A).

(C) Assume t7 < nu. Write T = vF; and v = wF;. By definition of the ordering <,
eitheri <jori=jandlm(h;) <lm (b]/> Either way, Im (¢t H £ uH’) is ulm <b]/> Fi=uv.

(D) Assume t7 = uv. Leta =1c(H), b =1c(H'),and c = b /a. ThenIm (tH) = t1 =
nwv=1m (#H'), and clc (tH) = lc (wH'). Together, these imply that the leading monomials of
ctH and #H' cancel in the subtraction ctH — uH'. Hence Im (ctH —uH') < t 7.

(E) follows from (B), (C), and (D).
(F) Assume that H” is an F-representation of p and Im (H”) <1m (H). Then

0=p=p=2 hifi =2} =22 (hi=h]) :
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Let Z = <h1 —hi\h,,— h;;) By definition, Z is a sygyzy. In addition, Im (H”) < Im (H)
and (C) imply that Im (Z) =1m (H).
(G) One direction follows from (F); the other is routine. O

We saw in previous sections that if we considered critical pairs by ascending lem, we were
able to take advantage of previous computations to reduce substantially the amount of work
needed to compute a Grobner basis. It turns out that we can likewise reduce the amount of
work substantially if we proceed by ascending signature. This will depend on an important fact.

Definition 11.32:  Let p € I, and H an S-representation of p. If
Im(h,)sig(g,) =X Ilm(p) for each k, then we say that H is a signature-
compatible representation of p, or a sig-representation for short.

Lemma 11.33:  Let v € S, and suppose that every S-polynomial of G C I with
signature smaller than © has a sig-representation. Let p,q € I and t,u € M such

that usig(q) X tsig(p) = 7, Spol(p,q) = lc(q)tp —Ilc(p)uq. Suppose that
one of the following holds:

(A)  sig(tp) =sig(uq);or

(B)  tsig(p) #sig(Spol (p,q))-

Then Spol (p,q) has a sig-representation.

PROOF: (A) Let H and H' be F-representations of p and g (respectively) such that Im (H) =
sig(p) and Im (H’) = sig(g). By Lemma 11.31(D), there exists ¢ € F satisfying the prop-
erty Im(ctH +uH') < Im(ctH); in other words, sig(ctp+uq) < sig(tp). Let H” be
an F-representation of ctp + #q such that Im (H"”) = sig(ctp + #q); by hypothesis, all top-
cancellations of the sum

bl fi+--+h f

have sig-representations. The fact that the top-cancellations have signature smaller than = implies
that we can rewrite these top-cancellations repeatedly as long as they exist. Each rewriting leads
to smaller leading monomials, and signatures no larger than those of the top-cancellations. Since
the monomial ordering is a well ordering, we cannot rewrite these top-cancellations indefinitely.
Hence this process of rewriting eventually terminates with a sig-representation of ¢t p + uq. If
ctp + uq is a scalar multiple of Spol (p, ¢ ), then we are done; notice sig (Spol (p,q)) < tsig(p).

If ¢t p + uq is not a scalar multiple of Spol (p,q), then sig (Spol (p,q)) = tsig(p) = 7.
Consider the fact that c¢Spol (p,q) =lc(gq) (ctp+uq) — (cle(p) +1c(gq)) ng. One summand
on the right hand side is a scalar multiple of g, so it has a sig-representation no larger than
usig(q) < 7. The previous paragraph showed that ¢t p + #q has a sig-representation smaller
than 7. The sum of these sig-representations is also a sig-representation no larger than 7. Hence
the left hand side has an F-representation H"” with Im (H") < 7

(B) By part (A), we know that if #sig (q) = tsig(p), then Spol (p,q) has a sig-representation.
Assume therefore that usig(q) < tsig(p) = 7. Since tsig(p) # sig(tp), Lemma 11.31 implies
that sig (¢ p) < tsig(p) = 7. Likewise, sig(#q) < usig(q) < 7, so

sig (Spol (p,q)) = max (sig (¢ p),sig (nq)) < 7.
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Algorithm 11. Signature-based algorithm to compute a Grobner basis

1: inputs

22 F _g R

3: outputs

4 G SR, aGrobner basis of (F)
5: do

6: LetG={(F,,f;)}",

7 LeS={lm(f;)F;:1<j<i}

8: LetP ={(uv,p,q9):(0,p),(7,q) €G and v is the expected signature of Spol (p,q)}
9:  whileP #0

10: Select any (o, p,q) € P such that 7 is minimal

11: Let S = Spol(p,q)

12: if3(r,g) € G, t e Mssuch that t7 =0 and tlm(g) <Im(S)

13: if o is not a monomial multiuple of any T € S

14: Top-reduce S to r over G in such a way thatsig(r) 2 o

15: if » # 0 and r is not sig-redundant to G

16: for (r,g) e G

17: if g #0and to # ut, where ¢ and # are the monomials needed to construct
Spol (7, g)

18: Add (v, 7,g) to P, where v is the expected signature of Spol (7, g)

19: else

20: AddotoS

21 return {g:(7,g €G) and g #0}

The hypothesis implies that Spol (p,g) has a sig-representation. O

To compute a Grobner basis using signatures, we have to reduce polynomials in such a
way that we have a good estimate of the signature. To do this, we cannot allow a reduction
r—tg ifsig(r) =2 tsig(g); otherwise, we have no way to recuperate sig (7). Thus, a signature-
based algorithm to compute a Grébner basis can sometimes add redundant polynomials to the
basis. Recall that termination of the Grobner basis algorithms studied so far follows from the
property of those algorithms that » was not added to a basis if it was redundant. This presents us
with a problem. The solution looks like a natural generalization, but it took several years before
someone devised it.

Definition 11.34: Let G = {(T/e’g/e)}£:1 for some £/ € N*, g, € I, and
7, € S, satisfying 7, = sig(g,) for each k. We say that (o, 7) is signature-
redundant, or sig-redundant, if there exists (7,g) € G such that 7 | o and
Im(g)|Im(7).

Algorithm 11 uses these ideas to compute a Grobner basis of an ideal.

Theorem 11.35:  Algorithm 11 terminates correctly.

PROOF: To see why the algorithm terminates, let M’ be the set of variables in x,...,x, and
X, 15-+-5%,, and define two functions
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e /:M—>M by (xfl ---xZ”) = xZﬂrl---x;;, and

© ¢:G— (M)" by ¢ (uF;,g) = (#-¢ (Im(g)))F;.
Notice that the variable shift imposed by ¢ implies that ¢ («F;,g) divides ¢ (#’F;,g’) if and
only if # | #' and Im(g) | Im (g’). This is true if and only if (#'F;,g’) is sig-redundant with
(uF;, g), which contradicts how the algorithm works! Let J be the ideal generated by ¢ (G)
in (M")”. As we just saw, adding elements to G implies that we expand some component of
J. However, Proposition 8.34 and Definition 8.32 imply that the components of J can expand
only finitely many times. Hence the algorithm can add only finitely many elements to G, which
implies that it terminates.

For correctness, we need to show that the output satisfies the criteria of Lemma 11.33.
Lines 12, 13, and 17 are the only ones that could cause a problem.

For line 12, suppose (7,g) € G and t € M satisfy t 7 = o and tIm (g) <Im(Spol(p,q)).
Let H,H' € R™ be F-representations of § = Spol (p,q) and g, respectively. We can choose H
and H' such that Im (H) = o and Im (H’) = 7. By Lemma 11.31, there exists ¢ € IF such that
sig(cS+1tg) < 0. On the other hand, tIm(g) < Im(S) implies that Im (¢S+¢tg) = Im(S).

The algorithm proceeds by ascending signature, so ¢S + ¢ g has a sig-representation H” (over G,
not F). Thus,

cS+tg= Z/o//e/gk = S=-clig +Z (C_lh@ 8k

Every monomial of H” is, by definition of a sig-representation, smaller than Im (¢S +¢tg) =
Im (§). In addition, sig (tg) =< o, and sig (hggk) < o for each k. Define

Z/e: C_lbk: g # &
¢! <h/€—t> , £=g

~

Then H = <Zl, oo /o#(;) is a sig-representation of Spol (p,q).
For line 13, inspection of the algorithm shows that either = = Im ( f]) F, for some j <z,
or (7,9,q) was selected from P, and the algorithm reduced Spol (,g) to zero. In the first case,

suppose 0 = uF;. Let H € R™ an F-representation of Spol (p,q) such that Im (H) = o, and
t € M such that tIm <f]> F, = 0. Let Z € R™ such that

fir k=7
o=9—1 k=i
0, otherwise.

Observe that Z is a syzygy, since >z, f; = f,f; + (—f]> f; = 0. In addition, j < isolm(Z) =
Im (f;) F;. Thus

Spol (p,q) =Spol (p,q) +t > zpfy =Spol (p,q) + D (tz) f;-
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The right hand side has signature smaller than o (look at H + Z), so the left hand side must, as
well. By Lemma 11.33, Spol (p,¢) hasa 31g—representat10n

In the second case, we have some (7,2,9) selected from P whose S-polynomial reduced
to zero, and some ¢t € M such that 7 = o. Since the reduction respects the signature 7, there
exists a sig-representation H of Spol (p,q); that is,

Spol (7,7) =D hyg

and sig(hygy) < 7 for each ¢ = 1,...,#G. Thus Spol (p,q) — > hyg; = 0. This implies the
existence of a syzygy Z € R™ such that Im (Z) = sig (Spol (»,7) —>. by g;) = . Thus

Spol (p,q) =Spol(p,q) —t >z, f; =Spol(p,q) — D _(tz) f;,

but the right side clearly has signature smaller than o, so the left hand side must, as well. By
Lemma 11.33, Spol (p,q) has a sig-repre