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Introduction

“Young man, in mathematics you
don’t understand things. You just
get used to them.”

John von Neumann

Algebra is the language of modern mathematics, so learning it can be frus-
trating and rewarding, just like learning a foreign language. If you have
never tried to learn a foreign language as an adult imagine this: you are
in a foreign country and you decided to learn the language. You bought a
book with a CD and a TV. You already read the book and listened to the
CD several times. You are watching the weatherman on TV, and you are
sure he is saying some numbers, because the screen is full of them. Even
though you can say and spell all numbers, you are not able to identify even
a single one in what he is saying. Then you are watching the news and you
see the prime minister on the screen. You know his name and you are sure
the anchor must be saying his name but you could not identify the moment
when she says it even if your life depended on it. Shortly put, you think
you gave it your best effort but you don’t understand anything. You feel
like crying, and breaking the screen of your TV with your CD player. But
you don’t give up, and continue to work hard, read the book, listen to the
CD, do the exercises, and watch TV. And one day, as if someone flipped
a switch, your hard work pays off, and you are not only able to identify a
temperature or a name, but you understand whole phrases. It feels like you
are on top of the world.

In exactly the same way, when learning algebra, you will not be able to
recognize for a while known terms in new contexts. Be prepared for this
and keep trying, one day everything will click into place and its beauty will
be revealed.
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The other thing that makes studying algebra hard is developing an
intuition when dealing with abstract notions, which can be hard. Acquiring
it involves a lot of trial and error on concrete examples, which will need to be
kept in our minds as a substitute to the abstract notion until the intuition
becomes reliable, and we can reason on the abstract notion itself. Think of
trying to study herons in general (or an abstract heron — herons are a group
of long-legged birds) when you only know one heron. You will probably
make an assertion on the abstract heron based on the heron you know that
will be false (say the heron you know is is a snowy egret like the one on the
cover of this book, of which you took a picture back in 2013, on the Little
Rec golf course in Long Beach, California, and your claim is that all herons
have black bills and yellow feet). Understanding that the assertion is false
means finding an example of another heron for which the assertion is false
(this is called a counterexample, say you see one day a great egret, which
has a yellow bill and black feet). From now on, the role of the abstract
heron in your mind is played by a list of two egrets: the snowy egret,
which is an example for which the assertion is true, and the great egret, the
counterexample (note that for the assertion “all herons have yellow bills
and black feet”, the snowy egret is the counterexample and the great egret
is the example; this assertion is also false). You continue working, making
assertions, trying to find examples, trying to prove the assertions, trying
to find counterexamples when you can’t prove the assertions, and so on.
The abstract “birds” that we study in algebra are the sets, groups, rings,
fields, and so on. Imagine now that the only ring you know is the ring of
integers, Z. When you think of an abstract ring, you think of Z. Based on
your knowledge of Z, you claim that in an abstract ring the product of two
nonzero elements is nonzero. Then you discover that in the ring Z4 you
have 2 -2 = 0. From now on, when you think of an abstract ring you think
of Z or Z4. Now based on your knowledge of Z and Z,4 you claim that in a
ring multiplication is commutative. Then you discover that in the ring of
two by two matrices, M»(Z), multiplication is not commutative. From now
on, when you think of an abstract ring you think of Z, Z4, or M»(Z). To
see if a new assertion on an abstract ring is true or not, you will first test
it on these three rings. The list we are developing is a list of examples and
counterexamples. Imagine a successful algebra student as a construction
worker with tools conveniently arranged all over the body: the tools are
the examples and counterexamples that help build our understanding of
the abstract notions.

Our initial examples, the “birds” that we “know” (i.e. the concrete ex-
amples we are supposed to know) are the number sets together with their
operations. We assume we know that all the properties of the addition and
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multiplication of numbers are true, we will not prove them, and we will
use them when needed. Understanding how we can construct a number set
starting from another is an important part of the study of algebra:

We consider first the natural numbers

N=1{0,1,2,3,...}

An equation of the type m + & = n where m,n € N might have a solution
in N, like 1 +x = 2, or not, like 2 + z = 1. By adding the solutions of all
these equations to N we obtain the integers

Z={.,-3-2-1,01,23,..}

Trying to make sense of the negative numbers that were added to N is not
hard: we can think of positive and negative temperatures, going left or
right on a line, receiving and giving (money), and so on.

Now an equation of the type max = n where m,n € Z might have a solution
in Z, like 1 - x = 2, or not, like 2x = 1. By adding the solutions of all these
equations to Z we obtain the rationals

Q:{%\m,n€Z,n7€0}

Again, trying to understand what % means is not hard, think of a half of a
pie. In this course we will learn how to perform a general construction of
this type (see the section on Rings of Fractions).
Now an equation of the type £2 = m where m € Q might have solutions
in Q, like 22 = 1, or not, like 22 = 2. Adding to Q all solutions of these
equations (and also other numbers) leads to the reals R. Making sense of
V/2 again is not hard: the diagonal of a square with side 1 has length /2.
Consider now an equation of the type 2 = r where r € R. This equation
might have solutions, like 22 = 1, or not, like 2 = —1. Adding to R the
solutions of this last equation, call them ¢ and —i, leads to the complex
numbers

C={a+bi|abeR}

Making sense of i took some time. Trying ¢ = +/—1 is a risky idea, be-
cause this radical does not have the same properties as the one we know.
Assuming it does can lead to

1= =vV-1v=1=+/(-12=V1=1,

and warns us that if we do that we have to unlearn the property of radicals
saying that \/avb = Vab. Failure to understand i is illustrated by the
letter ¢ (for “imaginary”) used (sometimes with a derogatory connotation)
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to denote it. Algebra helps describe i precisely: as we will see later in this
course, i is “the coset of the indeterminate in the factor ring of the poly-
nomial ring in one indeterminate X with real coeflicients factored through
the principal ideal generated by the polynomial X2 +1.” Therefore, we will
learn in this course that we can construct C like this:

C~R[X]/(X%+1).

It may be interesting to note that we can no longer expand C by adding
roots of polynomials with coefficients in C: any polynomial of degree at
least one with complex coeflicients has a complex root in C (this is the fa-
mous Fundamental Theorem of Algebra and it says that C is algebraically
closed).

There is yet another (fairly easy and convincing) justification for the “ex-
istence” of ¢, or at least of a model of it. We start with the matrix of the
rotation of angle «v about the origin in the plane:

( cos(a) —sin(a) )

sin(«) cos(w)

If we replace now cos(a) and sin(«) by a,b € R, we get

(3 2 hoes}- (s D)o 1)

As we can easily check, we have

0 -1 0 -1 10
(1 0)(1 o>__<01>’ 2)
so if we define addition and multiplication in the set described in by
extending multiplication of real numbers and/or matrices, we see that the

elements of this set behave exactly like the complex numbers (note that
0 -1

a,beR}. (1)

= ¢ from the solution to Exercise [1.4.5| xxvi)). According to

1 0
(2), i may be seen as the rotation of 90° about the origin in the plane, and
the equality i2 = —1 can be read as “the rotation of 180° about the origin

in the plane can be obtained by applying twice the rotation of 90°”.

From a strictly algebraic point of view, the description of C as a factor ring
is more valuable, because it uses a standard procedure for finding roots of
polynomials. This course will expose mathematics majors to some other
standard constructions and ideas of algebra. One of them is the princi-
ple according to which we try to describe various notions and constructions
without referring to elements, but using only objects and maps (morphisms)



between them. One of the benefits of this approach is that strong similari-
ties between seemingly unrelated notions are revealed in this way, a typical
example being the duality between the notions of injective and surjective
functions. We will describe this similarity by saying that in the category of
sets, a function is in(sur)jective if and only if is a mono(epi)morphism. A
second benefit is that we can then easily move from sets (no operations) to
groups (one operation) and to rings (two operations). In the course of this
transition, we will see that the above characterization of injective functions
is easy to prove in all three cases, while the corresponding assertion for
surjective functions goes from easy (for sets) to too-hard-to-be-proved-here
(for groups), to not true (for rings). A third benefit (which will not be
explored in this course) is that these notions and constructions can be also
used for objects that are not built on sets.

Other standard constructions that students will learn in this course are the
notions of factor set (factor group, factor ring), ring of fractions, ring of
formal power series, and ring of polynomials. All these constructions satisfy
certain “universal properties”, which can be regarded as “apps” that are
used to produce maps (or morphisms). The initial occurrence of a universal
property is naturally explained by the attempt to describe a factor set using
only sets and functions (and no elements), as mentioned above. The future
math teachers will especially benefit from studying all these constructions,
for example they will learn, among other things, the distinction between
polynomials and polynomial functions, and a proof for the existence of the
partial fractions decomposition that is used in calculus.

The book has three chapters with seven sections in each chapter, and so
it contains enough material for a first one semester course in algebra. All
exercises have detailed solutions at the end of each section (something I first
saw in the books of D.G. Northcott, and really appreciated as a student).
Needless to say, the students should try really hard to solve the exercises
for as long as possible (at least a few days for each of them) before looking
at the solution.

Every teacher’s teaching style is the result of many interactions with the
teacher’s teachers, friends, colleagues, and students. Even though I am
aware I risk leaving out names of people who heavily influenced my teach-
ing, I will mention just a few of my teachers, T. Albu, P. Alger, I. Colo-
joara, G. Galbura, I.D. Ton, L. Panaitopol, N. Radu, M. Sabac, my advisor
C. Nastasescu, a few of my friends, A. Buium, M. Beattie, M. Cohen, S.
Dascalescu, D. Fischman, P. Ionescu, G. Jennings, C. Menini, D. Quinn,
F. Van Oystaeyen, and my students at the University of Bucharest and
California State University, Dominguez Hills.
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Chapter 1

Groups

1.1 Sets and functions

No communication is possible without a common ground consisting of terms
that everybody understands. In the absence of these terms it is not even
possible to ask questions. One such primary notion, which we assume we
all know, is the notion of a set. Sets consist of elements. We write that a
is an element of the set A like this: a € A. A set A is a subset of the set B
if every element of A is also an element of B, and we write this as A C B.
We denote by () the empty set, the set with no elements. The set whose
elements are aj,as,...a, will be denoted by {a1,as,...a,}. The union of
the sets A and B consists of the elements that belong to at least one of the
sets:
AUB={a|a€ Aorac B}.

The intersection of the sets A and B consists of the elements that belong
to both sets:
ANB={a|a€ Aandac B}

Basic examples of sets include sets of numbers: the natural numbers N =
{0,1,2,...}, the integers Z = {0,41,42,...}, the rationals Q = {% |
m,n € Z,n # 0}, the real numbers R, and the complex numbers C.

Assuming we all know something that we do not completely understand is
risky. To see that this naive approach may lead to paradoxes consider the
set of all sets and denote it by S. Then let M = {X € § | X ¢ X}, and
we see that M € M if and only if M itself satisfies the condition in the
definition of M, which is M ¢ M. Paradoxes like this one have prompted
various attempts to introduce sets by a list of axioms.

1



2 CHAPTER 1. GROUPS

Once we know what a set is we can define ordered pairs of elements: (z,y)
will mean the set {{z,y}, {z}}, i.e. x and y are the elements, order matters
and z is the first element. Note that {1,2} = {2,1} because the two sets
have the same elements, but (1,2) # (2,1) because the sets {{1,2},{1}}
and {{1,2},{2}} do not have the same elements. The cartesian product of
the sets A and B is defined by

Ax B={(a,b)|a€ A, be B}
We can now give the definition of a function (or map):

Definition 1.1.1 A function [ defined on A with values in B (we write
f+ A— B and we say that [ is defined on A with values in B) consists of
three sets: A, the domain; B, the codomain; and a subset Gy of Ax B, the
graph, satisfying the property that for every a € A there is a unique b € B
such that (a,b) € Gy. If (a,b) € Gy we write b= f(a) and call it the image
of a through f.

Two functions are equal if all three pairs of sets in the definition are equal:
the functions have the same domain, the same codomain, and the images
of every element in the common domain through the two functions are also
equal. If f: A— B and g: B — C, then we can define the composition
of the functions f and g by go f : A — C, (go f)(a) = g(f(a)) for all
a € A. Sometimes we write gf instead of go f.

Exercise 1.1.2 If f : A — B, g: B — C and h : C — D, prove
that (hog)o f =ho(go f). (We say that the composition of functions is
associative. )

If f: A— B is a function, C C A and D C B, we define the image of C
through f as

(@) ={f(a)|acC},

and the inverse image (or preimage) of D through f as
f7UD)={alac A, f(a)e D}.

We call f(A) the image of the function f and we denote it by I'm(f). Note
that some authors use the range of f as a synonym for the image of f [16],
while others use range instead of codomain [22].

Given any set A, the identity function of the set A, denoted Idy or 14, is
the function defined on A with values in A that sends each element a € A
to itself: Ids : A — A, Ida(a) = a for all a € A. We now define some
special classes of functions.
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Definition 1.1.3 We say that the function f : A — B is injective (or
one-to-one) if f(a1) = f(a2) implies that a1 = ag, or, equivalently, if
ay # ag implies that f(a1) # f(a2).

Definition 1.1.4 We say that the function f : A — B is surjective (or
onto) if for any element b € B there exists a € A such that b = f(a), or,
equivalently, if Im(f) = B.

Definition 1.1.5 A function that is both injective and surjective is called
bijective.

Exercise 1.1.6 Give examples of functions that are:
i) neither injective nor surjective

it) injective but not surjective

ii1) surjective but not injective

iv) bijective.

Exercise 1.1.7 Let f : A — B and assume that A = {a1,as2,...,a,},
B = {b1,ba,...,by}. If f is injective or surjective, then f is bijective.

Exercise 1.1.8 Find a function f: N — N which is:
i) injective but not surjective.
it) surjective but not injective.

For the rest of this section we will assume that all sets are nonempty. Our
next goal is to show that the notions of injective and surjective functions
are really similar, which is something that we cannot see by comparing
Definitions and A first step in this direction is the following:

Proposition 1.1.9 Let f : A — B be a function. Then the following
assertions hold:

i) [ is injective if and only if there exists a function g : B — A such that
go f=1du, i.e. f has a left inverse.

it) f is surjective if and only if there exists a function g : B — A such
that fog = Idg, i.e. f has a right inverse.

Proof: i) Assume f is injective, and fix an element ay € A. We define g
as follows: if b € B is not in Im(f), set g(b) = ag. If b € Im(f), since f
is injective there exists a unique a € A such that b = f(a). In this case let
g(b) = a. Then for each a € A we have that g(f(a)) = a, so go f = Ida.
Conversely, if a function g : B — A such that go f = Id, exists, let
fla1) = f(az). Then g(f(a1)) = g(f(az)), and so a1 = as.

i) Assume f is surjective, and let b € B. Then we choose an element
a € A such that f(a) = b (which exists because [ is surjective) and we
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let g(b) = a. Then f(g(b)) = f(a) = b, so fog = Idg. Conversely, if a
function g : B — A such that f o g = Idp exists, then for any b € B we
have that b = f(g(b)), so b € Im(f) and thus f is surjective. |

Proposition shows that injectivity and surjectivity are closely related,
we can get one from the other by replacing ”left” with "right” or the other
way around. It also provides the following useful characterization of bijec-
tive functions:

Corollary 1.1.10 A function f : A — B is bijective if and only if it is
invertible, i.e. there exists a function g : B — A such that fog = Idp
and go f = 1Id,.

Proof: If f is bijective, then by Proposition it has a left inverse g; and
a right inverse go. Then for any b € B we have that g;(b) = g1(Idp(b)) =

g1(f © 92(b)) = (910 f)(92(b)) = Ida(g2(D)) = g2(b), s0 g1 = ga, and fis
invertible. The converse follows immediately from Proposition [1.1.9] 1

As seen in the proof above, a function cannot have more than one inverse:
if the inverse exists it must be unique, and our notation for it will be f~!.
Note that this notation makes sense even if f is not invertible (the preimage
of a subset above), but in case the function is invertible, the preimage of a
subset is the image of that set through the inverse function, which justifies
the notation.

Exercise 1.1.11 Prove that the inverse of a bijective function is also bi-
jective.

Exercise 1.1.12 Find a left inverse, a right inverse, or an inverse for each
of the examples you gave in Ezercises and[I.1.8, or explain why they
do not exist.

Exercise 1.1.13 For each of the following functions:

a) f:R—R, f(z) =22,

b) g:[0,00) — R, g(x) = a2,

¢) h:R—[0,00), h(z) = 22,

answer the following questions:

i) Does the function have a left inverse? Justify your answer, then find a
left inverse if it exists.

it) Does the function have a right inverse? Justify your answer, then find
a right inverse if it exists.

We now investigate further how injectivity and surjectivity are related. It
turns out that the two definitions can be stated only in terms of sets and
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maps (without any reference to elements), and we can obtain one from the
other simply by reversing the arrows. We say that they are dual notions.
Doing things without reference to elements has the advantage that the same
techniques and/or results may be used for objects that are not sets.

Proposition 1.1.14 Let f : A — B be a function. Then the following
assertions hold:

i) f is injective if and only if given any set X, and functions g,h: X — A
such that fog= foh, it follows that g = h.

it) [ is surjective if and only if given any set X, and functions g,h : B —»
X such that go f = ho f, it follows that g = h.

Proof: i) Assume that f is injective. Then by Proposition f has
a left inverse, and by composing the equality f o g = f o h with that left
inverse from the left gives g = h. Conversely, assume the condition in the
statement holds, and let a; and as elements of A such that f(a1) = f(a2).
Take X = {aj1,a2}, and define g,h : X — A by g(a1) = g(az) = a1, and
h(a1) = h(az) = as. Then fog= foh, and so g = h, thus a1 = as.

ii) If f is surjective, composing the equality g o f = h o f from the right
with the right inverse that exists by Proposition [1.1.9| we get that g = h.
Conversely, if the condition holds we assume that f is not surjective and
look for a contradiction. Choose b € Im(f) and = € B but z ¢ Im(f).
Then let X = {z, b}, and define g to be the constant function b. Now let h
send all the elements of B to b, with the exception of  which is sent to x.
It is clear that g # h but go f = ho f = the constant function b, which is
a contradiction. |

Exercise 1.1.15 If f : A — B and g : B — C are injective functions,
then gof is also injective. The assertion is also true if we replace "injective”
by "surjective”.

Exercise 1.1.16 If f : A — B and g : B — C' are functions such that
go [ is injective, then f is injective.

Exercise 1.1.17 If f : A — B and g : B — C are functions such that
go f is surjective, then g is surjective.

Exercise 1.1.18 If f : A — B is a function, C1,Co C A, D1,Ds C B,
then:

Z) f(Cl @] 02) = f(Cl) U f(Cg)

it) f(C1 N C2) C f(Cy) N f(Cq). Give an example when the inclusion is
strict, and prove that if f is injective equality holds.

iii) f~H(D1UD2) = f~H(D1) U f~1(Ds).

w) f~H(D1N D) = f~1(D1) N f~H(Do).
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Solutions to the Exercises on Section [1.1]

Exercise [I.1.2| If f : A — B, g: B — C and h : C — D, prove
that (hog)o f =ho(go f). (We say that the composition of functions is
associative. )

Solution: Both (hog)o f and ho(go f) have domain A and codomain D,
so we only need to show that ((hog)o f)(a) = (ho(go f))(a) for all a € A.
If a € A, then ((hog)o f)(a) = (hog)(f(a)) = h(g(f(a))) = h((go f)(a)) =
(ho(gof))(a).

Exercise Give ezamples of functions that are:
i) meither injective nor surjective

it) injective but not surjective

i11) surjective but not injective

iv) bijective.

Solution: i) A={1,2}, f: A— A, f(1)=f(2)=1.
i) A={1}, B={1,2}, f: A— B, f(1)=1.

i) A={1,2},B={1}, f: A— B, f(1) = f(2) = 1.
iv) A={1,2},Ids : A — A.

Exercise Let f : A — B and assume that A = {a1,a2,...,a,},
B ={by,ba,...,b,}. If f is injective or surjective, then [ is bijective.
Solution: If f is injective, Im(f) has n elements and is contained in B,
which also has n elements, therefore Im(f) = B and f is surjective. If
f is surjective but not injective, Im(f) has at most n — 1 elements, a
contradiction.

Exercise Find a function f: N — N which is:

i) injective but not surjective.

it) surjective but not injective.

Solution: i) If f(n) = 2n for all n € N, then f is injective but 1 ¢ Im(f).
ii) Put f(0) = 0, and f(n) = n—11if n > 1, then f is surjective but
50) = J(1).

Exercise [1.1.11] Prove that the inverse of a bijective function is also bi-
jective.
Solution: The inverse of a bijective function is invertible, and is therefore

bijective by Corollary [1.1.10

Exercise|1.1.12| Find a left inverse, a right inverse, or an inverse for each

of the examples you gave in Ezercises[1.1.6 and[1.1.8, or explain why they
do not ezist.

Solution: For Exercise
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i) A={1,2}, f: A— A, f(1) = f(2) = 1. Since f is neither injective
nor surjective, f does not have a left or a right inverse.

i) A={1}, B={1,2}, f: A— B, f(1) = 1. Since f is injective but not
surjective, f has a left inverse, but not a (right) inverse. A left inverse for
fisfl:B— A f/(1)=f'(2) =1

i) A={1,2}, B={1}, f: A— B, f(1) = f(2) = 1. Since f is surjective
but not injective, f has a right inverse, but not a (left) inverse. A right
inverse for fis f': B— A, f'(1) = 1.

iv) A={1,2}, Idy : A — A. Id, is bijective and is its own inverse.

For Exercise

i) If f(n) = 2n for all n € N, then f is injective but 1 ¢ Im(f). A left
inverse for fis f/': N — N,

ooy [k ifn=2k
f(”)_{o ifn=2k+1

ii) Put f(0) = 0, and f(n) = n—1if n > 1, then f is surjective but
f(0) = f(1). A right inverse for fis f': N — N, f'(n) =n+ 1.

Exercise For each of the following functions:

a) f:R—R, f(z) =122

b) g: [0700) — R, g(x) = 332,

¢) h:R—[0,00), h(z) = 22,

answer the following questions:

i) Does the function have a left inverse? Justify your answer, then find a
left inverse if it exists.

i1) Does the function have a right inverse? Justify your answer, then find
a right inverse if it exists.

Solution: a) f is neither injective (f(1) = f(—1)) nor surjective (—1 ¢
Im(f)), so f has no left or right inverse.

b) g is injective, but not surjective, so g will have a left inverse but not a
right inverse. A left inverse for g is ¢’ : R — [0,00), ¢/(z) = /] z].

¢) h is surjective, but not injective, so h will have a right inverse but not a
left inverse. A right inverse for h is b’ : [0,00) — R, A/(z) = /x.

Exercise Iff:A— B andg: B — C are injective functions,
then gof is also injective. The assertion is also true if we replace "injective”
by "surjective”.

Solution: If f and g are injective, let f; and g; be left inverses of f
and g, respectively. Thus f1 : B — A, g1 : C — B, f1 o f = Idy and
g10og = Idg. We have that (fiog1)o(gof) = fio(giog)of = fioldpof =
fiof=1da,so fiog;is aleft inverse of go f, and thus g o f is injective.
The proof for the case of surjective functions is similar.
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Exercise If f:A— B and g : B — C are functions such that
go [ is injective, then f is injective.

Solution: Let e : C' — A be a left inverse for go f, i.e. eo(go f) =1Ida.
Then e o g is a left inverse for f, so f is injective.

Exercise If f:A— B and g : B— C are functions such that
go f is surjective, then g is surjective.

Solution: Let e : C — A be a right inverse for go f, i.e. (gof)oe = Idc.
Then f o e is a right inverse for g, so g is surjective.

Exercise If f: A — B is a function, C1,Co C A, D1,Dy C B,
then:

i) f(C1UC2) = f(C1) U f(Ca).

ii) f(C1 N C2) C f(Cy) N f(Cs). Give an example when the inclusion is
strict, and prove that if [ is injective equality holds.

iti) f~H(D1UD2) = f~H(D1) U f~H(Ds).

w) f~H(D1N D) = f~1(D1)N f~H(Do).

Solution: i) Let b € f(C; UC2). Then b = f(a), where a € Cy U Cy, i.e.
a € CporacCy Then be f(Cy) orbe f(Cq),s0be f(C1)U f(Co).
Conversely, f(C1) C f(C1)U f(C2) and f(C3) C f(C1)U f(Cs), so f(Cy)U
f(C2) C f(C1) U f(Ca).

ii) Let b € f(C1 N Cs). Then b = f(a), where a € C; N Cy, ie. a € Cy
and ¢ € Cy. Then b € f(Cy) and b € f(Cs), so b € f(Cy) N f(Cs).
Conversely, if b € f(C1) N f(Cs), then b = f(ay), where a; € C;, and
b = f(ag), where as € Cy. If f is injective, then we get that a3 = as
so b € f(Cy) N f(Cy), and thus f(Cy1) N f(Ca) = f(Cy) N f(Ce). An
example when the inclusion is strict is the following: A = {1,2}, B = {1},
f:A— B, f(1)=f(2)=1,Cy = {1}, C2 = {2}. Then C1 N C2 =0, so
f(C1NC2) =0, and f(C1) N f(C2) = {1}.

iii) We have that a € f~(D; U D) if and only if f(a) € Dy U Dy if and
only if f(a) € Dy or f(a) € Dy if and only if a € f~1(D;) U f~1(D3).

iv) We have that a € f~1(D; N Dy) if and only if f(a) € Dy N Dy if and
only if f(a) € Dy and f(a) € Dy if and only if a € f~1(Dy) N f~1(Dy).
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1.2 The integers

In this section we review the arithmetic properties of the integers. All
letters in this section will represent integers. We will use the following

Well-Ordering Principle. Any nonempty set of nonnegative integers has
a least element.

The first application of this principle is

Theorem 1.2.1 (The Division Algorithm) If a and b are integers and
b # 0, then there exist integers q and r such that a = bq+r and |r| < |b].

Proof: We will find ¢ and r satisfying the conditions, with » > 0. These ¢
and r are usually called the quotient and remainder of a divided by b.
Consider the set W = {a —tb > 0 | t € Z}. Tt is easy to see that W is
nonempty, just take ¢ = — |a|b. By the well-ordering principle, W has a
least element r = a — gb. We claim that r < |b|. Indeed, if |[b] < r, then
r>r—|b >0,and r—1|b] =a—gb—|bl = a— (¢g£1)b € W, which
contradicts the fact that r is the least element in W.

Finally, we remark that if r # 0, the pair ¢ + % and r — |b| also satisfy the
conditions. |

Theorem has important practical consequences. For example it says
that any integer has one of the forms 2k or 2k + 1.

Definition 1.2.2 Given integers a and b, we say that a divides b (or a is
a factor of b, or b is a multiple of a, or b is divisible by a), and we write
a | b, if there exists an integer ¢ such that b = ac.

Exercise 1.2.3 Prove the following:

i) 1| a for all a.

it) a | 0 for all a.

iii) If a | b and b | ¢, then a | c.

) If a | b and c| d, then ac | bd.

v) Ifa| b and a | c, then a | ub+ ve for all u,v.
vi) If a | 1, then a = £1.

vit) If a | b and b | a, then a = £b.

Exercise 1.2.4 Prove that a product of three consecutive integers is divis-
ible by 3.

Definition 1.2.5 Given integers a and b, we say that d is a greatest
common divisor of a and b (we write d = (a,b)) if the following two
conditions are satisfied:
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i)d|aandd|b.
ii) if ¢ | a and ¢ | b, then ¢ | d.

It follows immediately from the definition that a | b if and only if a = (a, b).

Exercise 1.2.6 If dy = (a,b) and dy = (a,b), then dy = +ds.

A second application of the well-ordering principle is the existence of a
greatest common divisor:

Theorem 1.2.7 Given integers a and b, a greatest common divisor of a
and b exists.

Proof: If a = b =0, then 0 = (0,0). If not both of a and b are 0, consider
the set W = {ma +nb > 0| m,n € Z}. W # () because a* + b*> € W. By
the well-ordering principle W has a least element d = ua 4 vb, and we show
that d = (a,b). We prove first that d | a. Indeed, if d does not divide a
we use the division algorithm to find ¢ and r such that a = dq + r, where
0<r<d. Nowsince r=a—dg=a— (ua+vb) =(1—u)a+ (—v)be W,
this contradicts the fact that d is the least element in W. The proof of the
fact that d | b is identical. Finally, if ¢ | @ and ¢ | b, then a = ce and b = ¢f.
It follows that d = ua+vb = uce + vef = c(ue+vf), so ¢ | d and the proof
is complete. |

From the proof of Theorem [1.2.7] we immediately obtain the following

Corollary 1.2.8 Given integers a and b, if d = (a,b), then there exist u,v
such that d = ua + vb. (We say that d is a linear combination of a and b.)

Exercise 1.2.9 i) Show by giving an example that w and v in Corollary

[1-2§ are not unique.

it) Show by giving an example that d = ua + vb does not imply d = (a,b).

Proposition 1.2.10 (The Euclidean Algorithm)

i) If a = bq + r, then (a,b) = (b, 7).

it) If a,b are nonzero integers, consider the following chain of divisions:
| a|=qo - |b| + ro, where 0 < ro < |b],

|b| = q1 - 1o + 11, where 0 <1y < 1g,

ro = qo - T1 + 12, where 0 < rg < 71y,

Tn = Qn+2 * Tnt1 + Tnt2, where 0 < rpqo < 1oy,
Then {r,} is a strictly decreasing chain of nonnegative integers, so one of

them has to be 0. The last nonzero remainder in this chain is a greatest
common divisor for a and b.
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Proof: i) Let d = (a,b). We show that d = (b,r). We clearly have that
d | b, and since d | a, we also get that d | a — ¢b = r, so d is a common
divisor of b and r. Now if ¢ | b and ¢ | r, we have that ¢ | bg + r = a, so
c|d.

Conversely, if d = (b, r), we show that d = (a,b). We clearly have that d | b,
and since d | r, we also get that d | bg +r = a, so d is a common divisor of
a and b. Now if ¢ |a and ¢ | b, then ¢ | a —bg =17, s0 ¢| d.

ii) Assume that r,, is the last nonzero term of the sequence of remainders,
$0 Tpt1 = 0. Applying i) repeatedly we get that (| a |,|b|) = (| b |,70) =
(ro,m1) = ... = (TnyTny1) = (rn,0) =1y, so m, = (a,b). 1

Remark 1.2.11 If we find d = (a,b) using the Euclidean algorithm, we
can use back substitution to write d as a linear combination of a and b.

Exercise 1.2.12 Use the Euclidean algorithm to find (987,—345), then
write it as a linear combination of 987 and —345.

Definition 1.2.13 We say that a and b are relatively prime if 1 = (a,b).

Exercise 1.2.14 i) Show that a and b are relatively prime if and only if
1 = ma + nb for some m and n.
it) If 0 £ d = (a,b), a = day, b = dby, show that 1 = (a1,b1).

Theorem 1.2.15 (Euclid’s Lemma) If 1 = (a,b), and a | bc, then a | c.

Proof: Write 1 = ma+nb, and bc = ae. Then ¢ = mac+nbc = mac+nae =
a(me + ne). |

Exercise 1.2.16 If 1 = (a,b) and 1 = (a,c), then 1 = (a, bc).

Exercise 1.2.17 Show that ifa | ¢, b| ¢, and 1 = (a,b), then ab | c. What
happens if 1 # (a,b)?

Exercise 1.2.18 Show that 6 divides n® — n.

Definition 1.2.19 An integer p # 0, p # +1, is said to be prime if from
p | ab it follows that p | a or p | b.

Exercise 1.2.20 Let p # 0, p # +1. The following assertions are equiva-
lent:

i) p is prime.

it) If p = ab, then one of a and b has the same absolute value as p.

iit) d | p implies that d = £1 or d = %p.

Exercise 1.2.21 If p is prime, and p | ajaz...a,, then there exists i,
1<i<n such that p| a;.
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Exercise 1.2.22 Show that any odd prime p is of the form 4n+1 or 4n+3
for some n.

The following important result is another application of the well-ordering
principle.

Theorem 1.2.23 (Fundamental Theorem of Arithmetic) Any posi-
tive integer n, n # 0, can be factored as a product of primes.(This means
that if n # 1, then n = p1ps ... px, where p; is prime, 1 < i < k.) More-
over, the factorization is unique if we disregard the order of the prime
factors or their signs. (This means that if we have another factorization
n = qiq2...q, where g; is prime, 1 < j < [, then k =1 and for any 1,
1 <9 <k there ewists a j, 1 < j < k such that p; = £q;. Also, it follows
that for any prime p, the number of primes associated in divisibility with
p in any factorization of n as a product of primes does not depend of the
factorization, and is equal to the mazimum integer s such that p° | n.)

Proof: By fiat, 1 is the product of an empty set of primes.

Let W = {n | n > 1,n cannot be factored as in the statement}. By the
well-ordering principle, if W is nonempty, then W has a least element m.
Since m € W we have that m is not prime, so we can write m = ab, where
1 < a,b < m. Since m is the least element of W it follows that none of
a and b are elements of W, so both of them have a factorization as in the
statement. But replacing those factorizations in m = ab we see that m
has one such factorization, a contradiction. Now for the uniqueness part,
assume that

bip2..--Pr =q1492-.-q1

are two factorizations as products of primes, and we proceed by induction
on the length of the factorization, which is the maximum of £ and [. The
case when the length is 1 is clear. Assume that the length is greater than
1 and the assertion is true for smaller lengths. Then p; | g1g2 ... ¢, and so
p1 divides one of the g;. It follows that p; = +£¢;, and after canceling p,
we can apply the induction hypothesis. |

Exercise 1.2.24 Why do we ask p # 0, p # £1 in Definition[1.2.19?
The following old result and its proof go back to Euclid.
Theorem 1.2.25 There are infinitely many prime numbers.

Proof: We assume that p1,ps,...,p, are all the prime numbers, and look
for a contradiction. We let n = 1+ p1ps2...pn. Then |p1ps...pn| > 1, so
n # 0, n # £1. By Theorem there exists 4, 1 < i < n such that
p; | n. Then p; | n — p1p2 ... pn = 1, a contradiction. |
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Exercise 1.2.26 Show that if p is prime, then \/p is irrational by proving
that there are no integers a and b such that a®> = pb?.

Exercise 1.2.27 (P. Ionescu) Prove that it is not possible to draw an equi-
lateral triangle on graph paper such that all vertices are at nodes of the grid.
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Solutions to the Exercises on Section 1.2

Exercise Prove the following:

i) 1| a for all a.

ii) a | 0 for all a.

iii) If a | b and b | ¢, then a | c.

) Ifa|b and c|d, then ac| bd.

v) Ifa| b and a|c, then a | ub+ ve for all u,v.

vi) If a | 1, then a = £1.

vit) If a | b and b | a, then a = £b.

Solution: i) a =1-a.

i) 0=a-0.

iii) We have that b = ad and ¢ = be = ade.

iv) We have that b = ae and d = ¢f, so bd = acef.

v) We have b = ad and ¢ = ae, so ub + vc = uad + vae = a(ud + ve).

vi) We have 1 = ab, so |a| = 1.

vii) If both a and b are 0, the statement is clear. If one of them is not 0, the
other one has to be different from 0 as well. In that case we have b = au
and a = bv = auv, so 1 = uv.

Exercise Prove that a product of three consecutive integers is divisible
by 3.

Solution: A product of three consecutive integers has the form n(n—+1)(n+
2). By Theoremwe have that n = 3qor n =3g+ 1 or n = 3¢ + 2.
If n = 3¢, then n(n+ 1)(n +2) = 3¢(3¢ + 1)(3¢ + 2). If n = 3¢ + 1, then
nn+1)(n+2) = (3¢+1)(3¢+2)(3¢+3) =33¢+1)(3¢+2)(g+1). Ifn =
3¢+2, then n(n+1)(n+2) = (3¢+2)(3¢+3)(3¢+4) = 3(3¢+2)(¢+1)(3¢+4).

Exercise If dy = (a,b) and dy = (a,b), then dy = *ds.
Solution: Since dy = (a,b), da | a, and dy | b, it follows that ds | dj.
Similarly, dy | da.

Exercise i) Show by giving an example that w and v in Corollary
[1-2§ are not unique.

it) Show by giving an example that d = ua + vb does not imply d = (a,b).
Solution: i) We have 1 = (2,3),and 1 =2-(-1)+3-1=2-243-(-1).
ii)2=1-1+1-1

Exercise Use the Euclidean algorithm to find (987, —345), then
write it as a linear combination of 987 and —345.

Solution: Since (987, —345) = (987, 345) we have:

987 = 2-3454 297, 0 < 297 < 345

345 =1-297 448, 0 < 48 < 297
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297 =6-48+9,0 < 9 < 48

48=5-943,0<3<9

9 =3-3+0. Then 3 = (987,345), and 3 = 48—5-9 = 48— 5- (297 — 6-48) =
31-48 — 5297 = 31 - (345 — 1-297) — 5297 = 31 - 345 — 36 - 297 =
31-345—36- (987 —2-345) = 103-345—36-987 = (—103) - (—345) — 36-987.

Exercise i) Show that a and b are relatively prime if and only if
1 = ma + nb for some m and n.

it) If 0 £ d = (a,b), a = day, b = dby, show that 1 = (a1,b1).

Solution: i) If 1 = (a,b), then 1 is a linear combination of a and b by
Corollary Conversely, if 1 = ma + nb, d | a and d | b, it follows that
d|1.

ii) Write d = au + bv = dayu + dbyv, divide by d, then apply i).

Exercise [1.2.16| If 1 = (a,b) and 1 = (a,c), then 1 = (a,bc).
Solution: Write au+bv =1 and as+ct = 1. Then 1 = (au+bv)(as+ct) =
a’us + auct + bvas + buct = a(aus + uct + bvs) + (be)(vt).

Exercise Show that if a | ¢, b | ¢, and 1 = (a,b), then ab | c. What
happens if 1 # (a,b)?

Solution: Let ¢ = ad, ¢ = bf, and 1 = au 4+ bv. Then ¢ = auc + bvc =
aubf + bvad = (ab)(uf + vd). If 1 # (a,b) the assertion is false: 4 | 12 and
6| 12, but 24 does not divide 12.

Exercise Show that 6 divides n3 — n.

Solution: We have that n®> —n =n(n?—-1) =nn—-1)(n+1) = (n —
1)n(n + 1), a product of three consecutive numbers, so by Exercise m
3 | n® — n. Since similarly 2 divides a product of two consecutive numbers,
we also have 2 | n® —n. Since 1 = (2,3), it follows from Exercise
that 6 | n® — n.

Exercise Let p # 0, p # £1. The following assertions are equiva-
lent:

i) p is prime.

it) If p = ab, then one of a and b has the same absolute value as p.

iii) d | p implies that d = £1 or d = +£p.

Solution: ¢) = i3). Since p = ab, it follows that a | p and b | p, and also
that p | ab. Since p is prime, it follows that p | a or p | b. Therefore a = £p
or b = £p by Exercise m vit).

1) = i13). Let p = de. It follows that |d| = |p|, in which case d = £p, or
le] = |pl|, in which case d = £1.

i1i) = 1). Let p | ab, and consider d = (a,p). From the hypothesis it follows
that either d = £1, in which case p | b by Euclid’s lemma, or d = +a, which
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means that p | a.

Exercise If p is prime, and p | aias...a,, then there exists i,
1 <i<n such that p| a;.

Solution: We use induction on n. If n = 1 there is nothing to prove. If
n > 1 and the assertion is true for numbers < n, we have p | a; - (az. .. a,),
so either p | ay or p| as...a, and we can apply the induction hypothesis.

Exercise Show that any odd prime p is of the form 4n+1 or 4n+3
for some n.

Solution: By the division algorithm we have that p =4n or p =4n+1 or
p=4n+2=2(2n+1) or p =4n + 3. The first and third cases contradict
either the fact that p is prime, or that p is odd, so the conclusion follows.

Exercise [1.2.24] Why do we ask p # 0, p # +1 in Definition [1.2.19?

Solution: While it is true that 0 satisfies the definition of prime num-
bers, and +1 satisfy the equivalent conditions in Exercise [1.2.20] accepting
any of these three numbers as prime would hurt the uniqueness of the de-
composition as a product of prime numbers in the fundamental theorem of

arithmetic (Theorem [1.2.23]).

Exercise [1.2.26| Show that if p is prime, then \/p is irrational by proving
that there are no integers a and b such that a? = pb?.

Solution: Assume that such a and b exist, and look at the maximum
powers of p dividing both sides of the equality a> = pb?. The maximum
power of p dividing the left is even, while the maximum power of p dividing
the right is odd, and this contradicts the uniqueness of the decomposition
as a product of prime numbers in the fundamental theorem of arithmetic

(Theorem [1.2.23)).
Exercise [1.2.27| (P. Ionescu) Prove that it is not possible to draw an

equilateral triangle on graph paper such that all vertices are at nodes of the
grid.

Solution: Suppose such an equilateral triangle exists, and draw horizontal
and vertical lines through the vertices of the triangle in order to inscribe it
in a rectangle whose sides have integer lengths. This rectangle is the union
of the equilateral triangle and two or three right triangles. Right triangles
whose legs have integer lengths have rational areas (either an integer or
half of an integer). Denote by [ the side of the equilateral triangle. By
the Pythagorean theorem, {2 is an integer. It follows that the area of the
triangle, which is laTﬂ, is rational, so v/3 is rational, a contradiction.
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1.3 Equivalence relations and factor sets

In this section we start introducing one of the most fundamental concepts
of modern mathematics: the notion of factor (or quotient) structure. We
actually start with no structure at all, since in this section we only consider
sets, but we will soon be looking at more and more structures when we
consider factor groups or factor rings later on. We start with the following:

Definition 1.3.1 If M is a set, a subset R of the cartesian product M x M
is called a (binary) relation on M. We will write xRy if (x,y) € R, and
we say that x is in the relation R with y.

Definition 1.3.2 A relation £ on the set M is called an equivalence re-
lation if it satisfies the following three properties for arbitrarily chosen
r,y,z € M:

i) x€x (reflexivity).

it) €y = yEx (symmetry).

iii) x€y and yEz = x€z (transitivity).

We give some examples of equivalence relations, but we leave the verifica-
tions as an exercise:

Exercise 1.3.3 Prove that the following relations are equivalence relations:
i) On the set Z: a=b< a=Db.

it) On the set Z: fiz n > 0; then a =b (mod n) < n | a—"b. (This is called
congruence modulo n.)

iii) On the set Z: a ~qgb < a|bandb | a. (This is called association in
divisibility. )

iv) On the set of points in the plane: fix a point C; then ARB < A and B
are at the same distance from C.

v) Let M and N be sets and f: M — N a function. Define the following
relation on M: 2Ry < f(x) = f(y).

Definition 1.3.4 Let £ be an equivalence relation on the set M, and x €
M. We define the equivalence class of x relative to £, by

te ={y € M | z€y}.

If there is no danger of confusion we will omit the index and write T = Tg.
An equivalence class for € is the equivalence class of some element in M.

Exercise 1.3.5 Describe the equivalence classes of the equivalence rela-
tions in Ezercise 3.3
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Exercise 1.3.6 Ify € &, then & = 7.

We now recall the definition of a partition of a set.

Definition 1.3.7 Let M be a set. A family {M,;};cr of subsets of M s
called a partition of M if the following conditions are satisfied:

i) M; # 0 for alli € 1.

ii) The sets in the family are disjoint, i.e. M; " M; =0 if i,j €I, i+ j.
iii) The sets cover M, i.e. M = U;erM; (This means that any element in
M belongs to one of the M;’s).

Proposition 1.3.8 The equivalence classes of an equivalence relation £ on
the set M form a partition of M.

Proof: We need to check the three conditions in Definition [L3.7

i) An equivalence class is & for some x € M, so & # () because = € & by
reflexivity.

ii) Two equivalence classes are either disjoint or they coincide. Indeed, if
2NG#0, let z€ £Ng, and then & = § = 2 by Exercise [1.3.6

iii) If € M, then x € & as remarked in i).

Exercise 1.3.9 Let M be a set, and {M;};cr a partition of M. Define the
following relation on M: xRy < there exists i € I such that x,y € M;.
Then R is an equivalence relation.

Proposition 1.3.10 There exists a bijective correspondence between the
set of equivalence classes on a set M and the set of partitions on M.

Proof: We start with and equivalence relation £ on M. We form the par-
tition of M consisting of the equivalence classes of £, then we associate the
equivalence relation R as in Exercise [1.3.9] This means that 2Ry if and
only if z, y belong to an equivalence class of &, if and only if z€y, so R =&
and we got back to £.

Conversely, start with a partition {M;};cr of M, and consider the equiva-
lence relation R as in Exercise[1.3.9} Then the equivalence classes of R are
the M;’s, since we can check that if x € M;, then M; = . |

Definition 1.3.11 If M is a set and £ is an equivalence relation on M, the
factor set (or quotient set) of M through £ is the set of equivalence classes
of € and is denoted by M/E. If we select one element in each equivalence
class and denote the set of all these elements by S, then the factor set of
M through £ can be described as

M/E = {i|zeS).

S is called a complete system of representatives for the equivalence classes

of &,
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Exercise 1.3.12 Describe the factor sets in Exercise and indicate a
complete system of representatives for each one.

As we did in the case of injective and surjective functions, we will describe
the notion of factor set in a way that does not make any reference to
elements. We first give a second definition of a factor set, then show that
the two definitions are equivalent.

Definition 1.3.13 If M is a set, a factor set of M is a pair (N,p), where
N is a set and p: M — N is a surjective function.

Example 1.3.14 A factor set in the sense of Definition is also a
factor set in the sense of Definition[I.5.13, because the function p : M —
M/E, defined by p(x) = &, is surjective (this function is called the canonical
surjection).

The following important result ensures that the two definitions of a factor
set are actually the same:

Theorem 1.3.15 (The Universal Property of the Factor Set) Let
(N,p) be a factor set of the set M, let X be a set and f : M — X a
Sfunction.

i) There exists a function u : N — X such that f = up (we say that f
factors through p), which means that the diagram

X

is commutative, if and only if R, C Ry (i.e. p(x1) = p(z2) = f(x1) =
f(x2)). If u exists, then it is unique.

If u as in i) exists, then:

it) u is surjective if and only if f is surjective.

iii) u is injective if and only if R, = Ry (i.e. p(x1) = p(z2) & f(a1) =
F(22)).

Proof: i) Assume that a function u like in the statement exists, and let
z1, 22 € M such that p(z1) = p(x2). Then f(z1) = u(p(z1)) = u(p(z2) =
f(z2). Conversely, assume that p(z1) = p(z2) = f(z1) = f(z2) and let
y € N. Since p is surjective, let z € M such that p(x) = y, and define
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u(y) = f(x). We need to show that the definition is correct, i.e. it does
not depend on the choice of . Indeed, if we have another z; € M such
that p(z1) =y, then p(x) = p(z1) =y, so f(z) = f(z1), and the definition
of u(y) does not depend on x. Now if two functions u; and uy with the
property that uyp = usp = f exist, we let y € N. Again since p is surjective
there exists x € M such that p(x) = y, and hence u1(y) = u1(p(z)) =
f(@) = ua(p(x)) = ua(y), so uy = us.

ii) If w is surjective, then f = up is surjective because it is a composition of
surjective functions (see Exercise|l.1.15)). Conversely, if f = up is surjective,
then wu is surjective by Exercise [[.1.17]

iil) If w is injective, let f(z1) = f(z2). It follows that u(p(z1)) = u(p(z2)),
and so p(z1) = p(x2). Conversely, assume that p(z1) = p(z2) & f(z1) =
f(z2) and let y1,y2 € N such that u(y;) = u(yz2). Since p is surjective
let 1,29 € M such that p(x;) = y1 and p(z2) = y2. Then we have
flx1) = ulp(zr)) = u(p(zz2)) = f(x2). By the hypothesis we have that
p(z1) = p(x2), so y1 = y2 and u is injective. |

Corollary 1.3.16 If (N1,p1) and (Na,p2) are two factor sets of M such
that Ry, = Ryp,, then there exists a bijective function v : Ny — Na such
that upy = po.

Proof: Take (N,p) = (N1,p1), X = Ny and f = py in Theorem [1.3.15
hence we find u as in the statement, which is bijective. We can actually only

use i) in Theorem [1.3.15} also take (N,p) = (Na,p2), X = Ny and f = py,
and find v, vpa = p1. Then wvp; = p1, and vups = pe, so uv = Idy, and
vu = Idy, by uniqueness.

Corollary 1.3.17 If (N,p) is a factor set of M, then there exists a bijec-
tionu: N — M/R, such that wop is the canonical surjection sending an
element to its equivalence class.

Proof: Take (N1,p1) = (N,p) and (Na,p2) = (M/R,, can), where can :
M — M/R,, can(z) = &. Then can(z1) = can(zz) if and only if 21 R,z
if and only if p(z1) = p(z2), and we can apply Corollary [1.3.16 |

For a set M we will denote by P(M) the set of all subsets of M. If M =
{z1,22,...,2m}, then we write card(M) = m.

Exercise 1.3.18 Let M = {x1,22,...,Zm} and N = {y1,y2,...,Yn}
i) If Ay, As, ..., A € P(M), prove by induction on k that

k
card(Aj UAs U ... UAg) = Z card(A;) — Z card(A; N A;)+
i=1 1<i<j<k
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. (D) eard(nE_, A)

(This is the inclusion-exclusion principle)

it) The number of functions from M to N is n™.

iii) card(P(M)) = 2™.

i) If m = n, the number of bijective functions from M to N is m!.

v) I'f m < n, the number of injective functions from M to N is , P, =

n—m)!*
vi) If m > n, the number of surjective functions from M to N is:

nm o (?)(n_l)"ur (Z)(n—mm+...+(—1)"‘1(nﬁl>,

n n!
where <k> = an = m
vii) Let k < m. The number of equivalence relations on M such that the
factor set has k elements is:

B = 7= () G- omt () -2 o (5 )

and so the number of equivalence relations on M is Ep, 1+Ep o+. . .+ Ep .

Exercise 1.3.19 i) Let A be a set and B € P(A). Define the following
relation on P(A): if X, Y € P(A), then XRY if and only if XNB =Y NB.
Show that R is an equivalence relation and there exists a bijection between
the factor set P(A)/R and P(B).

ii) Let A and B be nonempty sets, and denote by B the set of functions
from A to B. Choose a € A, and define the following relation on B*: fRg
if and only if f(a) = g(a). Show that R is an equivalence relation and there
exists a bijection between the factor set BA/R and B.

ii1) With the same notation as in i), let C € P(A), and define the following
relation on BA: fR'g if and only if f(x) = g(x) for all x € C. Show that
R’ is an equivalence relation and there exists a bijection between the factor
set BA/R' and BC.

iv) Show that i) and ) can be obtained as particular cases of iii).

Exercise 1.3.20 Show that the relation defined on R by xRy if and only
if xt —y € Z is an equivalence relation, and there is a bijection between the
factor set and a circle.
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Solutions to the Exercises on Section [1.3

Exercise [1.3.3| Prove that the following relations are equivalence relations:
i) On the set Z: a=b< a=Db.

it) On the set Z: fit n > 0; then a =b (mod n) < n | a—"b. (This is called
congruence modulo n.)

iii) On the set Z: a ~qg b < a|band b | a. (This is called association in
divisibility. )

iv) On the set of points in the plane: fix a point C; then ARB < A and B
are at the same distance from C.

v) Let M and N be sets and f: M — N a function. Define the following
relation on M: 2Ry < f(x) = f(y).

Solution: i) If a € Z, then a = a; if a = b, then b = a; if a =b and b = ¢,
then a = c.

ii)[fa€Z,thenn|a—a=0;ifn|a—>b,thenn|b—a;if n|a—band
n|b—c thenn|a—b+b—c=a—c (Note that i) is a particular case
of ii)), we get it for n = 0. Also note that a = b (mod n)) < a and b have
the same remainder when divided by n.)

iii) If a € Z, then a ~g4 a, because a | a; symmetry is clear; transitivity
follows from the transitivity of divisibility, applied twice.

iv) Similar to i), because ARB < |AC| = |BC]|.

v) Similar to i) or iv).

Exercise [1.3.5| Describe the equivalence classes of the equivalence relations
in Exercise l1.3.5

Solution: i) If a € Z, then & = {a}.

ii)Ifa€Z, thena={a+kn|keZ}

iii) If a € Z, then a = {a, —a}.

iv) A=circle with center C' and radius |AC|.

W) If & € M, then & = /1 (f(z) = /~ ({f(2)}).

Exercise Ify € &, then & = 4.
Solution: If y € &, then § C &, by symmetry and transitivity. Also, x € ¢
by symmetry, so = g.

Exercise Let M be a set, and {M,;};c1 a partition of M. Define the
following relation on M: xRy < there exists i € I such that x,y € M,;.
Then R is an equivalence relation.

Solution: The reflexive property follows from the fact that any x € M
belongs to one of the M;’s. Symmetry is clear, because the order of x and
y in "z,y € M;” is not important. Now, if z,y € M; and y,z € Mj, then
ye M;NM;, soi=j.
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Exercise Describe the factor sets in Exercise and indicate a
complete system of representatives for each one.

Solution: i) The integers form a complete system of representatives, so
the factor set is in a bijective correspondence with Z.

ii) A complete system of representatives is the set of all positive remainders:
{0,1,...,n—1}, so the factor set can be described as Z, = {0,1,... ,n/—\l}
(We call Z,, ”Z mod n”, and if the context is clear, we can omit the hats).
Indeed, for any a € Z there exist ¢ and r such that a = ng+7r, 0 <r <n-—1
soa €. Now,ifa €inj, where 0 <i < j < n—1, it follows that n | 5 —1,
and since 0 < j —i <n — 1 it follows that j —i =0, or i = j.

iii) The factor set is { | n € Z,n = {—n,n} }. A complete system of
representatives is N.

iv) The factor set is the set of all circles centered at C. A complete system
of representatives is a ray (half line) starting at C.

v) The factor set is the set of all fibers of f (i.e. preimages of images of
elements of M). A complete set of representatives is selected by choosing
one element z in each fiber f~1(y), where y € Im(f) = f(M). Therefore,
any complete system of representatives is in a bijective correspondence with

Im(f) = f(M).

Exercise [1.3.18| Let M = {x1,z2,..., 2y} and N ={y1,y2,...,Yn}-
i) If Ay, Ag, ..., A € P(M), prove by induction on k that

k
card(A1 UAsU...UA) = Z card(A;) — Z card(A; N A;)+
; 1<i<j<k

+o A (=) eard(nf_, A)

(This is the inclusion-exclusion principle)

it) The number of functions from M to N is n™

iit) card(P(M)) = 2™.

i) If m = n, the number of bijective functions from M to N is m!.

v) I'f m < n, the number of injective functions from M to N is , P, =

(n—m)!*
vi) If m > n, the number of surjective functions from M to N is:

nm_( )(n—l)m+(Z)(n—2)m+---+(—1)"_l<nn1)’

b n!
were() nCr = k:'(n—k)"

vii) Let m. The number of equivalence relations on M such that the

— 3
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factor set has k elements is:

B = %(km— <’f)(k—1)m1+ <§> (k=2)" % +.. .+ (-1)F! (k f 1)),

and so the number of equivalence relations on M is Ep, 1+Ep o+. . .+ Ep ;.
Solution: i) For k = 2 the assertion is clear, just note that when you add
the number of elements of A; and As, the elements in the intersection are
counted twice. Assume now that k > 2 and the assertion is true for k£ — 1
sets. Then we have

(AJUAU. . UA1) N A = Ui (A; N Ag),
so applying the case k = 2 we get
card(A1 UAsU...UA) =card(Ay UAs U ... UAk_1)+ card(Ax)—

—card(U;<k(A; N Ag)),

and we can apply the induction hypothesis and regroup the terms to get
the assertion for k.

i) We use induction on m. If m = 1, then M has one element, and it is clear
that there are exactly n functions form M to N. If we assume that there
are n™~! functions from {x1,...,2Z,_1} to N, then each function from M
to N can be obtained by extending one of those functions by defining it on
Z,,. Since this can be done in n ways, it follows that there are n™~1.n = n™
functions from M to N.

iii) The function ¢ : P(M) — {0,1}M defined by

o= {253

which is called the characteristic function of the subset X, is a bijection,
with inverse v : {0,1} — P(M), defined by ¥ (f) = f~1(1). Then the
assertion follows from ii).

iv) To define a bijection from M to N, we can give it any value at x1,
then x5 can be sent to any of the remaining m — 1 values, and so on, until
the value at z,, will be the only element of Y left available. So there are
m-(m—1)-...-1=m! bijective functions from M to N.

v) There is a bijection between the set in injective functions from M to

N and the set of orde'red subsets with m elements of N. Since there are
n n!
= C =
m) T ml(n —m)!
can be ordered in m! ways by iv), the number of injective functions from

M to N ism!-,Cp = nPr.

subsets of N with m elements, and each set
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vi) Let us denote by A; the set of functions from M to N which do not
take the value y;. The set of functions that are not surjective is A; U
As U ... U A,, so the number of surjective functions is n™ — card(A4; U
As U...UA,). But A; is the set of functions from M to the set N \
{vi} ={v1,- - ¥i-1,Yi41,-- -, Yn}, 50 card(4;) = (n —1)™, and therefore
Yo card(A;) = n(n—1)". Similarly, A;NA; is the set of functions from M
to N\{yi, y;}, and so card(A;NA;) = (n—2)™, and so 3, _, card(A;NA4;) =
(5)(n —2)™, and so on. Note that A1 N A>N...N A, =0.

vi) By Proposition we need to count the partitions of M into k
subsets. Each partition defines a surjection from M to the set {1,2,...,k},
defined by ordering the sets in the partition and sending each element of
M to the index of the set in the partition that contains it. Since ordering
the sets in the partition can be done in k! different ways, it follows that
the number of partitions of M into k subsets is the number of surjective
functions from M to {1,2,...,k} divided by k!.

Exercise i) Let A be a set and B € P(A). Define the following
relation on P(A): if X, Y € P(A), then XRY if and only if XNB =Y NB.
Show that R is an equivalence relation and there exists a bijection between
the factor set P(A)/R and P(B).

ii) Let A and B be nonempty sets, and denote by B* the set of functions
from A to B. Choose a € A, and define the following relation on B*: fRg
if and only if f(a) = g(a). Show that R is an equivalence relation and there
exists a bijection between the factor set BA/R and B.

i4i) With the same notation as in i), let C € P(A), and define the following
relation on BA: fR'g if and only if f(x) = g(x) for all x € C. Show that
R’ is an equivalence relation and there exists a bijection between the factor
set BA/R' and BC.

i) Show that i) and i) can be obtained as particular cases of iii).
Solution: i) Let f: P(A) — P(B), f(X) = X N B. Then f is surjective,
R = Ry is an equivalence relation by Exercise m v), and we can use
Corollary for M = P(A), Ny = P(A)/R, p1 = can, Ny = P(B),
p2=f.

ii) Let F: BA — B, F(f) = f(a). Then F is surjective, R = Rp is an
equivalence relation by Exercise m v), and we can use Corollary
for M = B4, Ny = BA/R, p1 = can, Ny = B, p, = F.

iii) Let F' : BA — BY F(f) = the restriction of f to C. Then F is
surjective, R = Ry is an equivalence relation by Exercise m v), and we
can use Corollaryfor M = BA, Ny = BA/R, p1 = can, Ny = B,
p2=F.

iv) We can get ii) from iii) by taking C' = {a}, and i) from iii) by taking
B ={0,1}, A = A and B = C, and using the bijection between subsets
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and characteristic functions defined in the solution of Exercise |1.3.18] iii).

Exercise Show that the relation defined on R by xRy if and only
if x —y € Z is an equivalence relation, and there is a bijection between the
factor set and a circle.

Solution: Let C' denote the unit circle centered at the origin, and define
f:R — C by f(z) = (cos(2n(xz — [z])),sin(27(z — [z]))), where [z] is
the greatest integer less than or equal to x. Then 0 < z — [z] < 1, and so
(z—[a]) — (y—[y]) € Z if and only if (z— [t]) — (y— [y]) = 0, ie. 2y € 7,
thus R = Ry, and we can use Corollary for M = R, Ny = R/R,
p1 = can, No = C, ps = f.
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1.4 Groups and morphisms of groups

Definition 1.4.1 A binary operation on the set M is a function - : M X
M — M, (z,y) = zy.

Definition 1.4.2 A set G, together with a binary operation - on G, denoted
by (G,-), is called a group if the following conditions are satisfied:

G1) the operation is associative, i.e. x(yz) = (vy)z for all x,y,z € G.

G2) the operation has an identity element, i.e. there exists an element
e € G such that ex = xe = x for all x € G.

G3) every element in G has a symmetric element, i.e. for any x € G there
exists an element ' € G such that xa' = 'z = e.

If the following condition is also satisfied:

G4) the operation is commutative, i.e. xy = yx for all x,y € G,

then the group is said to be abelian (or commutative ).

As we can see in the above definition, our notation for a generic group
operation will be multiplicative, i.e. a generic group will be denoted by
(G,-), (or simply G if it is clear what the operation is) where the operation
-1 G x G — G, -(a,b) = ab is not necessarily the multiplication.

Exercise 1.4.3 Write the definition of the group in additive notation, i.e.
rewrite Definition[1.4.4 for (G,+), where + : GXG — G, +(z,y) = z+y.

Exercise 1.4.4 i) If e; and ey are identity elements in a group, i.e. they
both satisfy condition G2) in Deﬁnition then prove that e; = ea. This
means that the identity element in a group is unique. Our notation for it
will be 1g if the notation for the operation of the group is multiplicative,
and O¢g if the notation for the operation of the group is additive.

i1) Show that the symmetric element of an element x in a group G is unique,
i.e. if ' and x” both satisfy the condition in Definition G3), then
z' = 2", If the notation is multiplicative, we will call the symmetric element
of x the inverse of x and we will denote it by x~'. If the notation is additive,
we will call the symmetric element of x the opposite of x and we will denote
it by —x.

i11) Prove that if in a group G we have xy = xz, it follows that y = z (this
is called the cancelation law).

Exercise 1.4.5 Which of the following are groups:

i) (N, +4), the set of natural numbers, the operation is the addition of natu-
ral numbers.

ii) (N,-), the set of natural numbers, the operation is the multiplication of
natural numbers.

iit) (Z,+), the set of integers, the operation is the addition of integers.
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i) (Z,-), the set of integers, the operation is the multiplication of integers.
v) (Q,+), the set of rational numbers, the operation is the addition of ra-
tional numbers.

vi) (Q,-), the set of rational numbers, the operation is the multiplication of
rational numbers.

vii) (R, +), the set of real numbers, the operation is the addition of real
numbers.

viti) (R,-), the set of real numbers, the operation is the multiplication of
real numbers.

i) (C,4), the set of complex numbers, the operation is the addition of com-
plex numbers.

z) (C,-), the set of complex numbers, the operation is the multiplication of
complex numbers.

zi) (N*,.), the set of nonzero natural numbers, the operation is the multi-
plication of natural numbers.

xii) (Z*,-), the set of nonzero integers, the operation is the multiplication
of integers.

ziii) (QF,-), the set of nonzero rational numbers, the operation is the mul-
tiplication of rational numbers.

ziv) (R*,-), the set of nonzero real numbers, the operation is the multipli-
cation of real numbers.

av) (C*,-), the set of nonzero complex numbers, the operation is the multi-
plication of complex numbers.

avi) ((0,00),-), the interval (0,00), the operation is the multiplication of
real numbers.

2wii) ((—00,0),-), the interval (—o0,0), the operation is the multiplication
of real numbers.

zviir) (S(M),0), S(IM)={f: M — M | f is bijective} and o is the com-
position of functions. We will denote S, = S({1,2,...,n}).

ziz) (GM).), where (G,-) is a group, M is a set, GM is the set of functions
defined on M with values in G, and (f - g)(z) = f(z)g(x) for f,g € GM,
z e .

xz) (GLo(C),-), where

a
c

GLQ(C):{|: Z}|a7b,c,d6(c,ad—bc7$0}

and - is the multiplication of matrices.
IZI?Z) ({]‘ﬂ 71}7 )

:U‘T“) ({17 _1}a +)

zziii) ({0}, +).

xziv) ({1},-).

zov) ({0},-):
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xzvi) (Qs, ), where - is the multiplication of matrices, and Qg is the follow-
ing subset of My(C):

{3 $1[5 A8 S5 0
R R

xzvii) (P(M),*), where M is a set, and Ax B={zxe M|z € AUB,z ¢
AN B}.

We are now going to define two operations on the set Z, (see Exercise
1.3.12] ii)). In order to do that we will need the following:

Exercise 1.4.6 Let n > 0 be an integer, and assume that a = b (mod n)
and ¢ = d (mod n). Then:

i) a+c=b+d(modn).

it) ac = bd (mod n).

The previous exercise shows that we can talk about the sum and product
of elements in Z,: if a,b € Z,,, define

a+b=atb,
and o
ab = ab

Exercise 1.4.7 Which of the following sets are groups:
i) (Zn,+).

i) (Zn, ).

iii) (Up,-), where Uy, ={ad € Z,, | 1 = (a,n)}.

i) (Up,+).

Exercise 1.4.8 Let G1 and G2 be groups, and define the following opera-
tion on the cartesian product G1 x Ga: (x,y) - (2',y') = (xz’,yy’), where
r,x’ € G1 and y,y’ € Ga. Show that G1 X G is a group with this operation
(it is called the direct product of the groups G1 and Gs).

Definition 1.4.9 If G and G’ are groups, a function f : G — G’ is called
a group morphism if f preserves the group operation, i.e. f(xy) = f(z)f(y)
for all x,y € G. The morphism f is said to be an injective morphism if
the function f is injective. Similarly, if the function f is surjective, we
say that [ is a surjective morphism. A group morphism [ : G — G’ is
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called an isomorphism if there exists a group morphism f': G' — G such
that f o f' = Idg: and f' o f = Idg; we then say that the groups G and
G’ are isomorphic, and we write G ~ G'. A morphism from G to G is
called an endomorphism of G, and an isomorphism from G to G is called
an automorphism of G.

The following properties of group morphisms are left as exercises:

Exercise 1.4.10 Let f : G — G’ and g : G' — G" be group morphisms.
Then:

i) f(le) = 1c.

ii) For x € G, we have f(x71) = f(z)~ .

i11) gf is a group morphism.

i) f is an isomorphism if and only if f is bijective.

Exercise 1.4.11 Which of the following maps are group morphisms? For
each of them decide if they are injective, surjective, or an isomorphism. If
a morphism is an isomorphism, find the inverse.

i) Idg: G — G.

it)i:Z — Q, i(x) =x/1 for x € Z.

iii) If v € G, fr : G — G, fo(9) =xgz™" for all g € G.

i) G is a group, M is a nonempty set, GM is as in Ezercise ziz),
and o : G — GM | ©(g)(x) = g for allx € M.

v) In: (0,00) — R.

vi) Ly — ZLs, f(a(mod 4)) = a(mod 2).

vii) g : Lo — L4, g(a(mod 2)) = a(mod 4).

viii) p1 1 G1 X Go — Gy, pi(x,y) = .

Exercise 1.4.12 If ¢ : M — N s a bijection, show that S(M) ~ S(N)
(see E:vercise aviii)). In particular, if M has n elements, then M ~
Sh-

Exercise 1.4.13 Write all the elements of S3 and find the inverse of each
element.
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Solutions to the Exercises on Section [1.4]

Exercise Write the definition of the group in additive notation, i.e.
rewrite Definition[1.4.9 for (G,+), where + : GXG — G, +(z,y) = z+y.
Solution: Gl) x4+ (y+2) = (z+y) +z for all z,y,2z € G.

G2) there exists an element e € G such that e+ =z +e =z forall x € G.
G3) for any x € G there exists an element z' € G such that z + 2’ =
¥+ x=ec.

G is abelian if the following condition is also satisfied:

Gl z+y=y+aforall z,ye G

Exercise 1) If e1 and ey are identity elements in a group, i.e. they
both satisfy condition G2) in Deﬁnition then prove that ey = es. This
means that the identity element in a group is unique. Our notation for it
will be 1g if the notation for the operation of the group is multiplicative,
and O¢ if the notation for the operation of the group is additive.

ii) Show that the symmetric element of an element x in a group G is unique,
i.e. if ' and x” both satisfy the condition in Definition G3), then
' = x”. If the notation is multiplicative, we will call the symmetric element
of x the inverse of x and we will denote it by x~'. If the notation is additive,
we will call the symmetric element of x the opposite of x and we will denote
it by —x.

iii) Prove that if in a group G we have xy = xz, it follows that y = z (this
is called the cancelation law).

Solution: i) Taking x = e in G2) for e; we get: ejeq = eze; = ey. Taking
x = e7 in G2) for eo we get: eze; = ejes = e1. Comparing the two we get
€1€2 = €2€1 — €9 = €.

ii) Since zz’ = 1¢, it follows that z”z2’ = 2", and since 2"z = 1¢, we get
that =’ = 2”.

iii) If 2y = x2, then 7oy = 27122, s0 y = 2.

Exercise Which of the following are groups:

i) (N, 4), the set of natural numbers, the operation is the addition of natu-
ral numbers.

it) (N, ), the set of natural numbers, the operation is the multiplication of
natural numbers.

iii) (Z,4), the set of integers, the operation is the addition of integers.

i) (Z,-), the set of integers, the operation is the multiplication of integers.
v) (Q,+), the set of rational numbers, the operation is the addition of ra-
tional numbers.

vi) (Q, ), the set of rational numbers, the operation is the multiplication of
rational numbers.

vii) (R, +), the set of real numbers, the operation is the addition of real
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numbers.

viti) (R,-), the set of real numbers, the operation is the multiplication of
real numbers.

i) (C,4), the set of complex numbers, the operation is the addition of com-
plex numbers.

z) (C,-), the set of complex numbers, the operation is the multiplication of
complex numbers.

xi) (N*,-), the set of nonzero natural numbers, the operation is the multi-
plication of natural numbers.

xii) (Z*,-), the set of nonzero integers, the operation is the multiplication
of integers.

z111) (QF,-), the set of nonzero rational numbers, the operation is the mul-
tiplication of rational numbers.

ziv) (R*,-), the set of nonzero real numbers, the operation is the multipli-
cation of real numbers.

av) (C*, ), the set of nonzero complex numbers, the operation is the multi-
plication of complex numbers.

zvi) ((0,00),-), the interval (0,00), the operation is the multiplication of
real numbers.

awii) ((—00,0),-), the interval (—o0,0), the operation is the multiplication
of real numbers.

aviii) (S(M),0), S(M) ={f: M — M| f is bijective} and o is the com-
position of functions. We will denote S, = S({1,2,...,n}).

ziz) (GM,.), where (G,-) is a group, M is a set, GM is the set of functions
defined on M with values in G, and (f - g)(z) = f(z)g(x) for f,g € GM,
zeG.

xz) (GLo(C),-), where

GLy(C) = H a H |a7b,c,de(C,ad—bc;£O}

c

and - is the multiplication of matrices.

wri) ({1,-1},).

zzii) ({1, -1}, +).

zziii) ({0}, +).

zziv) ({1},-).

zzv) ({0}, ).

xzvi) (Qs, ), where - is the multiplication of matrices, and Qg is the follow-
ing subset of My(C):

{3 $1 [ S8 S5 0
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xzvii) (P(M), ), where M is a set, and Ax B={zxe M|z € AUB,z ¢
AN B}.

Solution: i) No, G3) is not satisfied: = + 1 # 0 for all z € N.

ii) No, G3) is not satisfied: -0 # 1 for all z € N.

iii) (Z,+) is an abelian group: the sum of two integers is an integer; addi-
tion is associative and commutative; 0 is the identity element; the opposite
of x € Zis —x.

iv) No, G3) is not satisfied: = -0 # 1 for all x € Z.

v) (Q, +) is an abelian group: the sum of two rational numbers is a rational
number; addition is associative and commutative; 0 is the identity element;
the opposite of z € Q is —=z.

vi) No, G3) is not satisfied: -0 # 1 for all z € Q.

vii) (R,+) is an abelian group: the sum of two real numbers is a real num-
ber; addition is associative; 0 is the identity element; the opposite of x € R
is —x.

viii) No, G3) is not satisfied: z -0 # 1 for all x € R.

ix) (C,+) is an abelian group: the sum of two complex numbers is a com-
plex number; addition is associative and commutative; 0 is the identity
element; the opposite of x € C is —z.

x) No, G3) is not satisfied: -0 # 1 for all z € C.

xi) No, G3) is not satisfied: x -2 # 1 for all z € N*.

xii) No, G3) is not satisfied: z -2 # 1 for all x € Z*.

xiii) (Q*,-) is an abelian group: the product of two nonzero rational num-
bers is a nonzero rational number; multiplication is associative and com-
mutative; 1 is the identity element; the inverse of x € Q* is 1/z.

xiv) (R*,:) is an abelian group: the product of two nonzero real numbers
is a nonzero real number; multiplication is associative and commutative; 1
is the identity element; the inverse of x € R* is 1/x.

xv) (C*,-) is an abelian group: the product of two nonzero complex numbers
is a nonzero complex number; multiplication is associative and commuta-
tive; 1 is the identity element; the inverse of a 4+ bi € C* is

a b .
212 a2+

xvi) ((0,00), ) is an abelian group: the product of two positive real numbers
is a positive real number; multiplication is associative and commutative; 1
is the identity element; the inverse of x € (0, 00) is 1/x.

xvii) No, - is not an operation on (—oo,0), because (—1) - (—1) ¢ (—o0,0).
xviii) (S(M),0) is a group. The composition of two bijective functions is
bijective; composition of functions is associative; the identity element is
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Idpr; a bijective function is invertible. S(M) is not necessarily abelian: S,
is abelian, but S3 is not: the transpositions (12) and (13) do not commute
(see Exercise[1.4.13).

xix) (GM,.) is a group, and it is abelian if G is abelian. It is clear that
f-g € GM. The operation on GM is associative because the operation on G
is associative. The identity element is the constant function 1 : M — G,
1(z) = 1g for all # € M. The inverse of f € GM is f~' : M — G,
f~Yx) = f(x)~! for z € M.

xx) (GLy(C), ") is a nonabelian group. Recall that multiplication of matri-
ces is defined as

a b| [a b | _[ad+b ab+bd
c d d d || cd+dd b +dd

and it is associative. The identity element is

1 0
12:|:01:|7

and the inverse of a matrix is given by

-1 d —b
|: a b :| — |: ad—bc  ad—bc :|
e a .
c d ad—bc ad—bc

GL5(C) is nonabelian because

o)
IR

xxi) ({1, —1},-) is an abelian group.

xxii) ({1, —1},+) is not a group because 1 +1 ¢ {1,—1}.

xxiii) ({0}, +) is an abelian group.

xxiv) ({1},-) is an abelian group.

xxv) ({0}, -) is an abelian group.

xxvi) (Qs,-) is a nonabelian group, called the quaternion group. If we

denote
Lol _,_[-t o] _Jo-1] _._[o1
0 1 1o -1 ' |1 0 Tl -1 o0

O =
—_—
Il
| — |
N O
O =
—_

and

1

<
I
| — |
<. O
(eI
—_
|
<
I
| — |
=)
~.
o |
~.
—_
x5
I
rm
o |
<
(an)
| I
|
ol
I
| — |
O =
=)
S
| I
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then we can check that i2 = j2 = k? = ijk = —1, and we can use these
relations to check that - is an operation on Qg. Qg is not abelian because
ij # Ji.

xxvil) (P(M),*) is an abelian group. If A, B,C € P(M), then both A x*
(B*C) and (A * B) % C are equal to the set

{reM|ze AUBUC,z2¢ (ANB)U(ANC)U(BN()},

so * is associative. The identity element is () and the symmetric of the set
A is A itself.

Exercise Let n > 0 be an integer, and assume that a = b (mod n)
and ¢ = d (mod n). Then:

i)a+c=b+d (modn).

it) ac = bd (mod n).

Solution: i) Since n | a — b and n | ¢ — d, let k,l be integers such that
a—b=knand c—d=1In. Thena—b+c—d = (k+1)n,son | a+c—(b+d).
ii) With the notation of i), we have ac — bd = ac — bc+bc —bd = c¢(a — b) +
b(c — d) = ckn 4 bln = n(ck + bl), so n | ac — bd.

Exercise Which of the following sets are groups:

i) (Zn,+).

i1) (Zn, ).

iii) (Uy,-), where U, ={a € Z,|1=(a,n)}.

iv) (Up,+).

Solution: i) (Z,,+) is an abelian group. By Exercise we have that
+ is an operation, and it is associative and commutative because addition
ﬂe integers is so. The identity element is 0, and the opposite of @ is
n—a.

ii) (Zy,-) is not a group if n # 1, because G3) is not satisfied, 0-a=0+#£1
for all a.

iii) (U,,-) is an abelian group, because - is associative and commutative,
and 1 is the identity element. If 1 = (a,n), then 1 = au + nv, so 1 =
au+nv = ad + 1o = at, so the inverse of a is .

iv) We clearly have that 1 € U,,, but if we add n copies of 1 we get 0 ¢ U,,,
so + is not an operation on U,,.

Exercise[1.4.8| Let G1 and G2 be groups, and define the following operation
on the cartesian product G1 X Go: (x,y) - (a',y") = (z2’,yy’), where x,z’ €
G1 and y,y' € Go. Show that Gy x Go is a group with this operation (it is
called the direct product of the groups G1 and Gz).

Solution: It is clear that - is an operation and it is associative. The
identity element is (1g,,1g,), and the inverse of (x1,x2) is (7', z5').
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Exercise Let f : G — G’ and g : G' — G" be group morphisms.
Then:

i) f(lg) =1

ii) For x € G, we have f(z~') = f(x)~L.

i11) gf is a group morphism.

i) f is an isomorphism if and only if f is bijective.

Solution: i) lg-1¢ = 1@, so f(l(;~1g) = f(lg), or f(lg)f(l(;) =f(lg) =
f(1g)lgs, and the assertion follows from the cancelation law.

ii) We have that f(z)f(z~!) = f(zz~!) = f(1g) = 1¢, so the assertion
follows by multiplying both sides of this equality by f(x)~!.

iii) gf (zy) = g(f(zy)) = 9(f (@) f(y)) = g(f(z))g(f(y))-

iv) We have to prove that if the morphism f is bijective, then its inverse
f~1isalso amorphism. We have f~1(2'y") = f~1(f(f~ (") f(f1 %)) =
SRS @)W = DY) = D).

Exercise Which of the following maps are group morphisms? For
each of them decide if they are injective, surjective, or an isomorphism. If
a morphism is an isomorphism, find the inverse.

Z) Idg : G — G.

it) 1: 2 — Q, i(x) =x/1 forx € Z.

iii) If v € G, fr: G — G, fo(g) =xgx~" for all g € G.

i) G is a group, M is a nonempty set, GM is as in Ezercise ziz),
and p: G — GM | ©(g)(x) = g for allx € M.

v) In: (0,00) — R.

vi) f: Ly — Za, f(a(mod 4)) = a(mod 2).

vii) g : Lo — Za, g(a(mod 2)) = a(mod 4).

viii) p1 : G1 X Go — Gy, p1(x,y) = x.

Solution: i) it is an isomorphism, and it is its own inverse.

i) this is an injective morphism.

iii) fz(gh) = zgha=! = xgz~trha= = f.(g)f.(h). It is an isomorphism,
and the inverse of f, is f,-1.

iv) We have ¢(gh)(xz) = gh = ¢(g)p(h)(z) for all z € M, so ¢ is a group
morphism. It is injective, because if ¢(g) = ¢(h), then ¢(g)(z) = @(h)(z)
for all x € M, so g = h.

v) We have In(zy) = In(z) + In(y), so In is a group morphism. Since In is
bijective, with inverse the exponential function, In is an isomorphism.

vi) Let us check that f is correctly defined: if a(mod 4) = b(mod 4), then
4| a—b,s02]|a—>band hence a(mod 2) = b(mod 2), or f(a(mod 4)) =
f(b(mod 4)), and f is correctly defined. By the definition of addition mod
4 or mod 2, f is a group morphism which is clearly surjective.

vii) g is not correctly defined: 1(mod 2) = 3(mod 2), but 1(mod 4) #
3(mod 4)).
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viii) We have p1((z,y)(«',y")) = p1(za’,yy’) = 2’ = p1(z, y)p1(2’,y'), so
p1 is a group morphism. It is clearly surjective, because if x € G, then

x=p1(z,1g,).

Exercise [1.4.12| If ¢ : M — N is a bijection, show that S(M) ~ S(N
149

(see Exercise|1.4.5, xviii)). In particular, if M has n elements, then M ~
Sh.

Solution: Define ¢ : S(M) — S(N) by ¥(f) = ofe~! for f € S(M). It
is easy to check that v is a morphism and that its inverse is 1y ~! : S(N) —
S(M), v~g) = ¢~ ge.

Exercise [1.4.13| Write all the elements of S3 and find the inverse of each

element.
(1 2 3
7=\ 2 3 1

Solution: We will write

if 0(1) =2, 0(2) =3, and 0(3) = 1. We will also write this as o = (123)
(the cycle (ajas...ax) in S, is the function that sends a; to a;4; for i =
1,...,k — 1, and a; to a1, and leaves all the other elements unchanged;
the set {a1,as,...,ar} is called the orbit of the cycle, and k is called its
length). With this notation we have

Ss = {Id, (12), (13), (23), (123), (132)}.

Each of Id,(12),(13),(23) is its own inverse, and the inverse of (123) is
(132). Note that S is not abelian because (12)(13) = (132) and (13)(12) =
(123).
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1.5 Subgroups and normal subgroups

We know that both (R*,-) and ((0,00),-) are groups. This means that
the operation of the group (R*,-) restricted to the subset (0,00) is also an
operation, and it satisfies the axioms in the definition of a group. We say
that the operation of the group (R*,-) induces a group structure on the
subset (0, 00), or that (0,00) is a subgroup of R*. In general we have the
following:

Definition 1.5.1 Let G be a group, and H a nonempty subset of G. Then
H is called a subgroup of G if the operation on G induces an operation on
H such that H together with the induced operation forms a group. If H is
a subgroup of G we write H < G.

Trivial examples of subgroups in any group G are the so called improper
subgroups {1} and G itself. When checking that a certain nonempty
subset H of a group G is a subgroup we need to check three conditions:
SG1) If z,y € H, then xy € H. This means that the operation on G
induces an operation on H. (If this is true, we say that H is closed, or
stable, under the operation of G.)

Associativity is a gimme, because we know it holds for elements of G, and
all elements of H are also elements of G.

SG2) 1¢ € H. This comes from condition G2) in the definition of a group
applied to H: if e is an identity element of H, then ee = e in H, and when
we consider this equality in G and multiply both sides by e~! we get that
€ = 1g.

SG3) If # € H, then x~! € H. Because of G2, any inverse of z in H will
be an inverse of x in (G, so the assertion is true because of the uniqueness
of the inverse.

Proposition 1.5.2 Let G be a group and ) # H C G. Then the following
assertions are equivalent:

i) H<G.

ii) If v,y € H, then 1y € H.

Proof: i) = ii). Let x,y € H. By SG3) we have = € H, and by SG1)
we get v~y € H.

ii) = i). We first check SG2). Let x € H, then by ii) 27!z = 15 € H. Now
for x € H we can use ii) for z and 1g to get 2711 = 2~ € H, so SG3)
also holds. Finally, if 2,y € H, then 2y = (x~!)"1y € H by SG3) and ii),
so SG1) holds too. |

Exercise 1.5.3 Write in additive notation conditions SG1), SG2), SG3),
and Proposition [1.5 3
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Exercise 1.5.4 Let G be a group and ) # H C G. Then the following
assertions are equivalent:

i) H<QG.

i) If v,y € H, then vy~ € H.

If ) # H C G is a finite subset, it is a lot easier to check that H < G-

Proposition 1.5.5 Let G be a group and ) # H C G a finite subset. Then
the following assertions are equivalent:

i) H<G.

it) If x,y € H, then xy € H.

Proof: We only prove ii) = i), because the converse is obvious. Let « € H,
and consider the function ¢ : H — H, defined by ¢(y) = zy for y € H.
Then ¢ takes values in H because of ii), and it is injective because of the
cancelation law in G. Since H is finite, it follows that ¢ is also surjective,
so there exists #’ € H such that ¢(2') = 2. This means za’ = x, and after
considering this equality in G’ and multiplying both sides on the left by 27!,
we get that 2/ = 1, so we checked SG2). We now use again the fact that
¢ is surjective, so there exists " € H such that ¢(z”) = 1g. This means
xx” = 1g, and after considering this equality in G and multiplying both
sides on the left by 271, we get that " = 27!, so we also checked SG3). Il

Exercise 1.5.6 Which of the following subsets are subgroups:

i)ZC Q.

i) NCZ.

iii) If n € 7, nZ = {nk | k € Z} C Z.

iv) {0,2,4} C Zs.

'U) {07 2a 4} - ZG'

vi) {Id, (12)} C Ss.

vig) {Id, (12),(13)} C Ss.

vigg) {Id, (123)} C S5.

ir) {Id,(123), (132)} C Ss.

1) O(2) = {A € GL(R) | A™1 = A’} C GLy(R) (see Exercise xz)).
xi) SO(2) ={A € O(2) | det(A) =1} C O(2)

xii) {1,—-1,i,—i} C Qs = {1,—-1,4,—i,5, —j, k, —k}, the quaternion group,
see Exercise[1.4.8, zzvi).

zi1i) HN K, where H K < G.

ziv) HU K, where H/K < G.

We now show that all the subgroups of Z look like the one in Exercise|L.5.6
iii).

Proposition 1.5.7 If H < Z, then there exists n € Z such that H = nZ.
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Proof: If H = {0} we take n = 0. If H # {0}, we consider the set
W ={x € H|xz >0} Thenif 0 # z € H, then we also have —z € H
and so W # (. By the well-ordering principle, W has a smallest element
n. Since H is a subgroup and n € H, it is clear that nZ C H. Conversely,
if m € H, we write m = gn + r, where 0 < n. Since r = m —ng € H it
follows that r = 0 because otherwise we get a contradiction with the fact
that n is the least element in W, and so m = nqg € nZ. |

Exercise 1.5.8 Let [ : G — G’ be a morphism of groups. Then:

i) f(G) < G’ (we denote f(G) by Im(f) and call it the image of f).

i) f~1(1g') < G (we denote f~*(1¢/) by Ker(f) and call it the kernel of
7).

i) If H < G, then f(H) < G'.

w) If H' < G’ then f~1(H') <G.

v) [ is surjective < Im(f) = G'.

vi) f is injective & Ker(f) = {1g}.

The following result is a version for groups of Proposition [[.1.14}

Proposition 1.5.9 Let f : G — G’ be a group morphism. Then the
following assertions hold:

i) [ is injective if and only if given any group X, and group morphisms
g,h: X — G such that fog= foh, it follows that g = h.

it) f is surjective if and only if given any group X, and group morphisms
g,h: G" — X such that go f = ho f, it follows that g = h.

Proof: We will only prove i), because ii) is very hard to prove (it is easy
to see, of course, that if f is surjective, then the condition in ii) holds, the
other implication is hard). We already know from Propositioni) that
if f is injective, then the condition is satisfied, because groups are sets, and
group morphisms are functions. We now assume that f is not injective, and
therefore Ker(f) # {1¢} by Exercise vi). Choose X = Ker(f) and
take g : X — G to be the inclusion, and A : X — G to be the constant
function sending all elements of X to 1g. It is clear that fg = fh, but
g # h because there is an z € X, x # 1, so g(x) # h(z), and the proof is
complete. |

Let now G be a group, and E a subset of G. There exists a smallest
subgroup of G that contains all the elements of FE, it is the intersection
of all the subgroups containing F. Such subgroups clearly exist, since G
contains F. We call it the subgroup generated by the set E. It is clear that
the subgroup generated by @ is {1¢}. If the group is generated by a set
with one element, the group is called cyclic. A description of the subgroup
generated by a set is given in the following:
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Proposition 1.5.10 Let E be a subset of the group G. The subgroup H
generated by E consists of all finite products of elements of E or inverses
of elements of E.

Proof: Let H’ the set of all finite products of elements of E or inverses
of elements of E. Since H is a subgroup that contains F, it is clear that
H' C H. Since H is the smallest subgroup that contains F, in order to
prove the inclusion H C H' it is enough to prove that H' is a subgroup
that contains E. It is clear that H’ contains F, and that if z,y € H’, then
z~ 'y € H', which proves the claim. |

If H, K < G, the subgroup generated by HU K will be denoted by HK (or
H + K in additive notation). By the previous result, if G is a cyclic group
generated by the element a, then we have

G={d"|kecz},
where

the product of k copies of a ifk>0
=< g if k=0
the product of — k copies of a™! if k <0

In additive notation, if G is a cyclic group generated by the element a, then
we have

G = {ka |k € Z},

where
the sum of k copies of a ifk>0
ka =< Og¢g ifk=0
the sum of — k copiesof —a if k<0

Example 1.5.11 It is clear that Z is cyclic (it is generated by 1 or -1),
and nZ is also cyclic for any n (it is generated by n or —n). Then Z, is
cyclic, generated by 1. Since all cyclic groups are clearly abelian, S3 is not
cyclic. It can also be checked that Zo X Zs is abelian but not cyclic.

We now introduce an important class of subgroups.

Definition 1.5.12 Let G be a group and H < G. We will say that H is
a normal subgroup of G (and we will write H < G) if for any v € G and
h € H we have xhx~' € H.

If we denote zHxz~t = {zhx~! | h € H}, the condition in the definition
above becomes tHz™! C H for all z € G (we can also use < instead of
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C, since zHz~ ! is a subgroup of G, hence of H if it is contained in it). It
is clear that the trivial subgroups {l¢} and G are normal, and also that
any subgroup of an abelian group is normal. Here are some examples and
counterexamples.

Exercise 1.5.13 Which of the following subsets are normal subgroups:
i)ZC Q.

i) Ifn€Z, nZ={nk | keZ} CZ.

iii) {0,2,4} C Zg.

iv) {1d, (12)} C Ss.

v) {Id, (123), (132)} C S;.

vi) O(2) = {A € GLy(R) | A=t = A} C GLy(R) (see Ea:ercise zz)).
vit) SO(2) = {A € O(2) | det(A) =1} C O(2)

viii) {1,—1,4,—i} C Qs = {1, —1,i,—1i,7, —j, k, —k}, the quaternion group,
see Exercise TLVL).

We end this section with the study of the behavior of normal groups through
group morphisms.

Proposition 1.5.14 Let f : G — G’ be a group morphism. Then the
following assertions hold:

i) If H < G', then f~1(H") < G.

it) If f is surjective and H < G, then f(H) < G'.

Proof: i) We know from Exercise iv) that f~'(H') < G. Let
x € Gand h € f~1(H'). We know that f(h) € H' and we want to
prove that f(zhz=!') € H'. We have f(zhx™!) = f(z)f(h)f(z~!) =
f(@)f(h)f(z)~! € H', because H' < G'.

ii) We know from Exercise iii) that f(H) < G'. Let 2’ € G’ and
R € f(H). Then b/ = f(h) for some h € H, and since f is surjective,
x' = f(x) for some z € G. We then have 2'Wa'~! = f(z)f(h)f(z)"! =
f@) f(h)f(z=Y) = f(zha™?t) € f(H), since H < G. |

Exercise 1.5.15 Give an example to show that the assertion in Proposi-

tion|1.5.14] 7i) is not true if [ is not surjective.

Corollary 1.5.16 Let f : G — G’ be a surjective group morphism. There
exists a bijective correspondence between the subgroups of G' and the sub-
groups of G which contain Ker(f). This correspondence induces a bijective
correspondence between the normal subgroups of G' and the normal sub-
groups of G which contain Ker(f).

Proof: Let H < G’. Then f~Y(H') < G and Ker(f) = f~(1g) C
f7YH"). If H< G and Ker(f) C H, then f(H) < G'. We prove first that

FUTHH)) = H (L.1)
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Let b’ € H'. Since f is surjective, h’ = f(h) for some h € G. Since it is
clear that h € f~1(H’) this shows that H' C f(f~'(H’)). Conversely, let
h' € f(f~Y(H')). Then ' = f(h), where h € f~'(H’). But this means
f(hye H ;so h' € H'.

We now prove

FIHfH) = H (1.2)

Indeed, if h € f~1(f(H)), then f(h) € f(H), so f(h) = f(h1), where
hi € H. Then hhi* € Ker(f) C H, so h € H. Conversely, if h € H, then
f(h) € f(H), and so clearly h € f~1(f(H)).

By and we see that the correspondences defined above are bijec-
tions inverse to each other. The statement about normal subgroups follows
from Proposition |

Exercise 1.5.17 Show that any subgroup of Z,, is generated by an element
d, where d | n.
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Solutions to the Exercises on Section [1.5]

Exercise Write in additive notation conditions SG1), SG2), SG3),
and Proposition |[1.5.2

Solution: SG1) If z,y € H, then v +y € H.

SG2) 0 € H.

SG3) If © € H, then —z € H.

Exercise Let G be a group and ) # H C G. Then the following
assertions are equivalent:

i) H<QG.

i) If v,y € H, then vy~ € H.

Solution: i) = ii). Let z,y € H. By SG3) we have y~! € H, and by SG1)
we get 2y~ ! € H.

ii) = i). We first check SG2). Let z € H, then by ii) z2~! = 1¢ € H. Now
for € H we can use ii) for x and 1g to get lgz™t = 271 € H, so SG3)
also holds. Finally, if z,y € H, then 2y = z(y~!)~! € H by SG3) and ii),
so SG1) holds too.

Exercise Which of the following subsets are subgroups:

i) Z C Q.

ii) N C Z.

iii) Ifn € Z, nZ = {nk |k € Z} C Z.

iv) {0,2,4} C Zs.

U) {0,2,4} - Zﬁ.

vi) {Id,(12)} C Ss.

vii) 11d,(12), (13)} C Ss.

viii) {Id, (123)} C Ss.

iz) {Id, (123),(132)} C Ss.

z) O(2) = {A € GLy(R) | A1 = A} C GLy(R) (see Exercise zz)).
21) SO(2) ={A € O(2) | det(A) =1} C O(2)

aii) {1,—-1,1,—i} C Qs = {1,—1,4,—4,j,—J, k,—k}, the quaternion group,
see Ezercise TTVL).

zi1i) HN K, where H K < G.

ziv) HUK, where H{K < G.

Solution: i) Z < Q, because 0 € Z, and n — m € Z for all integers m,n.
ii) Not a subgroup, 1 —2 ¢ N.

iii) nZ < Z, because 0 = n -0 € nZ, and if k, k' € Z, then

nk —nk' =n(k — k') € nZ.

iv) Not a subgroup, 2+ 4 =1 ¢ {0,2,4}.
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v) {0,2,4} < Zg, because {0,2,4} is closed under +:
242=4, 244=0, 4+4=2.

vi) {Id, (12)} < Ss, because (12)(12) = Id.

vii) Not a subgroup, (12)(13) = (132) ¢ {Id, (12), (13)}.

viii) Not a subgroup, (123)(123) = (132) ¢ {Id, (123)}.

ix) {Id, (123), (132)} < Ss, because (123)(123) = (132) and (132)(132) =
(123).

x) O(2) < GL3(R), because Iy € O(2), and if A, B € O(2), then

(A7'B)"' =B 'A=B'(A") = (A'B)' = (A"'B)".

xi) SO(2) < O(2), because Iy € SO(2), and if A,B € SO(2), then
det(A™1B) = det(A!B) = det(A)det(B) = det(A)det(B) = 1.
xii) {1, —1,4, —i} < Qs, because

xe{l,-1,4,—i} = —xz € {1,-1,i,—i},

so we only have to check that 2 = —1.

xiii) Clearly H N K # @, because 15 € HN K. If z,y € HN K, then
z,y € Hand z,y € K,sox 'y € Hand 27 'y € K, so 27 'y € HNK.
Note that the same proof works for the intersection of an arbitrary family
of subgroups, not just two subgroups.

xiv) If one of H or K is contained in the other one, then the union is equal
to the larger of the two, and it is therefore a subgroup. Now if H € K and
K ¢ H we show that H U K is not a subgroup. Indeed, let x € H, z ¢ K,
y € K,and y ¢ H. Then zy ¢ H U K, because if zy € H it follows that
y=x"'zy € H,and if ry € K, then z = zyy~! € K.

Exercise Let f : G — G’ be a morphism of groups. Then:
i) f(G) < G’ (we denote f(G) by Im(f) and call it the image of f).
i) f~*(1g') < G (we denote

Ker(f) = f"'(1e)

and call it the kernel of f).

iii) If H < G, then f(H) < G'.

i) If H' < G, then f~Y(H') < G.

v) f is surjective < Im(f) = G'.

vi) f is injective < Ker(f) = {1g}.

Solution: i) 1¢r = f(1g) € f(GQ), and if 2,y € f(G), then 2’ = f(x) and
Y = (), so 2y = f(2) 1) = Fa I ) = [ y) € F(C).

i) g € fH(ler), and if 2,y € f~ (1), then f(z™ry) = f(z) 7' f(y) =
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=1lg.

iii) 1o = f(lg) € f(H), and if 2',y' € f(H), then 2’ = f(x) and ¢’ = f(y)
for some x,y € H,so x7 'y € H and 2/~ = f(z) 1 f(y) = f(z™ 1) f(y) =
J(ety) € F(H).

iv) 1g € f~YH'), and if x,y € f~1(H'), then f(x), f(y) € H', and
fla™ty) = f(2)" fy) = H".

v) is obvious.

vi) Assume that f is injective, and let € Ker(f). Then f(z) = f(lg) =
lgr, so x = 1g. Conversely, we assume now that Ker(f) = {lg} and
we prove that f is injective. Let z,y € G such that f(z) = f(y). Then
f@)f(y)~t = 1g, so flay™!) = 1g, ie. ay~! € Ker(f) = {1g}. There-
fore zy™' = 1@, s0 z = y.

Exercise Which of the following subsets are normal subgroups:
i)ZC Q.

i) Ifn€Z, nZ=1{nk| kel CZ.

iii) {0,2,4} C Zg.

iv) {1d, (12)} C S5,

v) {Id,(123), (132)} C Ss.

vi) O(2) = {A € GLy(R) | A=t = A} C GLy(R) (see Ea:ercz'se zz)).
vit) SO(2) = {A € O(2) | det(A) =1} C O(2)

viii) {1,—1,4,—i} C Qs = {1,—1,i,—1i,7, —j, k, —k}, the quaternion group,
see Ezercise TLVL).

Solution: i), ii), iii). The subsets are subgroups of abelian groups by
Exercise [1.5.6] so they are normal subgroups.

iv) No, because (13)(12)(13) = (23) ¢ {Id, (12)}.

v) {Id, (123), (132)} < Ss, because we can check that

(12)(123)(12) = (13)(123)(13) = (23)(123)(23) = (132)
and
(12)(132)(12) = (13)(132)(13) = (23)(132)(23) = (123).

vi) No, because

() (o) (1) = (i §) o

vii) The map ¢ : O(2) — {1, —1} defined by ¢(A) = det(A) is a group
morphism, and Ker(yp) = S0O(2), so SO(2) < O(2).

viii) {1, 1,4, —i} 9 Qs. Since x € {1,~1,i,—i} = —x € {1, —1,i,—i},
we only need to check that ii(—i) = i € {1,-1,i,—i}, ji(—j) = —i €
{1,-1,i,—i}, and ki(—k) = —i € {1, —1,i, i}, so {1, —1,i,—i} < Qs.
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Exercise Give an example to show that the assertion in Proposition
ii) is not true if [ is not surjective.
Solution: Let ¢ : {Id,(12)} — S5 denote the inclusion. Then 7 is a group
morphism because {Id, (12)} < S3, {Id,(12)} < {Id, (12)}, but {Id,(12)}
is not normal in S3 by Exercise iv).

Exercise Show that any subgroup of Z,, is generated by an element
d, where d | n.

Solution: The map f : Z — Z,, defined by f(a) = a is a surjective group
morphism, so by Corollary there exists a bijective correspondence
between the subgroups of Z,, and the subgroups of Z that contain Ker(f) =
nZ. Now aZ C bZ < a € bZ < b | a. Therefore, a subgroup of Z,, is f(dZ)
for some d | n.
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1.6 Factor groups
Let G be a group and H < G. We define two relations on G:
r=y (mod H) <=z~ 'y € H,

and
=,y (mod H) <= zy~' € H.

Proposition 1.6.1 =; (mod H) is an equivalence relation on G.

Proof: If z € G, then 27! = 1g € H, so the relation is reflexive. If
x7ly € H, then (x71y)~! = y~'a € H, so the relation is symmetric. Now
if t7ly € H and y~'z € H, then 2712 = 2~ 'yy 'z € H, so the relation is
transitive. |

Exercise 1.6.2 =, (mod H) is an equivalence relation on G.

Proposition 1.6.3 Let G be a group, H < G and x € G. Denote by T the
equivalence class of x with respect to the equivalence relation =; (mod H).
Then & = xH = {xh | h € H}. We will call xH the left coset of x relative
to H.

Proof: We have that

i = {yeGlx=y(mod H)}
{yeGlalyc H}

= {yeGlz'y=h, hec H}
{ye G|y==zh, he H}
= {zheG|he H}=zH.

Exercise 1.6.4 Let G be a group, H < G and x € G. Denote by T the
equivalence class of x with respect to the equivalence relation =, (mod H).
Then & = Hx = {hx | h € H}. We will call Hx the right coset of « relative
to H.

Proposition 1.6.5 The map
v:G/ = (mod H) — G/ =, (mod H),

defined by p(xH) = Hx ™1, is a bijection.
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Proof: We first need to show that ¢ is well defined. Indeed, if H = yH,
thenz~'y € H,so (z71y)~! =y~ 1(27')~! € H, and hence Hy~! = Hz~!.
Now define ¢ : G/ =, (mod H) — G/ =, (mod H) by ¥(Hzx) =
2 'H. The fact that 1 is well defined is checked as above. It is clear
that @(¥(Hz)) = Hx and ¥ (e(xH)) = «H for all x € G, so ¢ and 1) are
bijections inverse to each other. |

We will now see why the notion of normal subgroup is so important.

Theorem 1.6.6 Let G be a group and H < G. The following assertions
are equivalent:
i) H is a normal subgroup.
it) The two equivalence relations defined by H coincide: for x,y € G we
have

x =y (mod H) <= z =, y (mod H).

Proof: i) = ii). Assume that H < G and 7'y € H. Then z(z~'y)z~! €
H, so yr~—! € H, and therefore xy~! € H. The fact that zy~! € H =
x~ 1y € H is proved similarly.

ii) = i). Let z € G and h € H. We want to prove that zhz=! € H.
We know that tH = Hx, so xh = hyx for some hy € H. It follows that
rhx~! = hiza~! = hy € H, and the proof is complete. |

If H< G it follows from Theorem that the factor sets with respect to
the two identical equivalence relations defined by H coincide. Our notation
for this factor set will be G/H.

Recall from Exercise m v) that a function f defined on a set M also
defines an equivalence relation Ry on M. We now consider the analog
situation for groups.

Proposition 1.6.7 Let f : G — G’ be a morphism of groups. Then
Ry coincides with the equivalence relation defined by the normal subgroup

Ker(f) on G.

Proof: For z,y € G, we have that 2Ry if and only if f(z) = f(y) if and
only if f(z)f(y)~! = 1¢g/ if and only if f(z)f(y~!) = lg if and only if
f(ry™1) = 1¢ if and only if 2y~! € Ker(f). |

Proposition 1.6.8 If HIG, G/H is a group, and the canonical surjection
from G to G/H is a group morphism.

Proof: We have that can : G — G/H sends x € G to Hx = zH.
We define the operation on G/H by (zH)(yH) = (xy)H. We check that
the operation is well defined. Let «’H = xH and y'H = yH. Then

—1,.7,,/

(xy)~Y(2'y) = yta~ a2’y = y~thiy' = y~'y'hy for some hy,hy € H.
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Therefore (zy)~!(z'y’) € H, and so (zy)H = (z'y')H.

Tt is easy to see that G/H is a group with this operation, and the definition
ensures that can is a morphism of groups. Note that the inverse of zH in
G/H is x7'H, and lg/u = H. |

Definition 1.6.9 The group G/H defined in Proposition is called the
factor group of the group G relative to the normal subgroup H.

As in the case of factor sets, we can define the factor group without any
reference to elements: we will say that a factor group of the group G is
a pair (N,p), where N is a group and p : G — N is a surjective group
morphism. Again as in the case of sets, it turns out that the two definitions
are equivalent. One implication follows from Proposition [I.6.7] The other
one follows from a result similar to Theorem [L.3. 15t

Theorem 1.6.10 (The Universal Property of the Factor Group)
Let (N, p) be a factor group of the group G, let X be a group and f: G —
X a group morphism.

i) There exists a group morphism uw : N — X such that f = up, which
means that the diagram

G —L2 N

X

is commutative, if and only if Ker(p) C Ker(f). If u exists, then it is
unique.

If u as in i) exists, then:

it) u is surjective if and only if f is surjective.

i11) u is injective if and only if Ker(p) = Ker(f).

Proof: Using Theorem [I:3.15 and Proposition [I.6.7] we see that the only
thing left to prove is that if a function u as in the statement exists, then it
is a group morphism. Let 2’,y’ € N, and x,y € G such that p(z) = 2’ and
p(y) = y'. Then u(z'y’) = u(p(z)p(y)) = u(p(zy)) = flzy) = f(2)f(y) =
u(p())u(p(y)) = w(@)u(y'). i

Corollary 1.6.11 If (Ny,p1) and (Na,p2) are two factor groups of G such
that Ker(p1) = Ker(pz), then there exists an isomorphism u : Ny — Na
such that up; = po.
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Proof: Take (N,p) = (N1,p1), X = N3 and f = ps in Theorem [1.6.10, 1

Corollary 1.6.12 If (N,p) is a factor group of G, then there exists an
isomorphismu : N — G /Ker(p) such that uop is the canonical surjection.

Proof: Take (Ni,p1) = (N,p) and (Na,p2) = (G/Ker(p), can), where
can : G — G/Ker(p), can(z) = xKer(p). Then Ker(can) = Ker(p) and
we can apply Corollary |

Corollary 1.6.13 (The First Isomorphism Theorem for Groups)
Let f: G — G’ be a group morphism. Then

G/Ker(f) ~ Im(f).

Proof: Use Corollary [L.6.12] for (Im(f), f). 1

Corollary 1.6.14 (The Second Isomorphism Theorem for Groups)
Let H K < G be such that H is a normal subgroup of HK, the subgroup
of G generated by H and K. Then H N K is a normal subgroup of K, and

K/HNK ~ HK/H.

Proof: Define f : K — HK/H to be the composition of the inclu-
sion i : K C HK with the canonical surjection can : HK — HK/H,
f = can oi. We have that f is surjective, because for any element o €
HK/H we have that o = can(ziy122y2 ... Tnyn), where z; € H and
y; € K. But then o = can(z1)can(yr)can(z2)can(yz) . . . can(zy)can(y,) =
can(yy)can(yz) ...can(y,) = can(y1yz - . . yn), because can(z;) = H. If we
prove that Ker(f) = HNK the assertion will follow from Corollary
It is clear that H N K C Kerf(f). Let now y € Ker(f). It follows that
y € K and can(y) = H, so y € H. Therefore y € H N K and the proof is
complete. |

Corollary 1.6.15 (The Third Isomorphism Theorem for Groups)
Let G be a group and H < N two normal subgroups of G. Then

(G/H)/(N/H) ~ G/N.

Proof: Define f: G/H — G/N by f(zH) = xN. We have that f is well
defined, because if 7'y € H it follows that 7'y € N, since H C N. It
is clear that f is surjective and Ker(f) = N/H, so the result follows from

Corollary |

Exercise 1.6.16 Any cyclic group is isomorphic to a Z,.
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Exercise 1.6.17 Prove the following isomorphisms:

i) Zg/{0,4} ~ Zy.

it) Ss/{Id, (123),(132)} ~ Z>.

iii) Qs/{1,—1,i,—i} ~ Zo, where Qs = {1,-1,i,—i,5,—J, k, —k} is the
quaternion group from E:Eercise xTVi).

) Qs/{1,—1} ~ Zo x Zs, where Qs = {1,—1,i,—1,7,—j,k, —k} is the
quaternion group from Ea:ercise TVi).

We end this section by mentioning another way of introducing factor groups.
Instead of starting with a group G and a normal subgroup of G, we start
with an equivalence relation R on the set G which is compatible with the
group operation, i.e. we can multiply relations: if x1Ry; and x2Rys, then
21y1Rx2y2. The fact that then the factor set G/R becomes a group such
that the canonical surjection is a group morphism follows from the fact
that 2Ry if and only if x and y are congruent modulo the normal subgroup
Cy={h e G|hR1}.
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Solutions to the Exercises on Section 1.6

Exercise =, (mod H) is an equivalence relation on G.

Solution: If z € G, then zx~! = 1¢ € H, so the relation is reflexive. If
xy~t € H, then (zy~1)~! = yz~! € H, so the relation is symmetric. Now
if zy~' € H and yz~! € H, then 227! = 2y~ 'yz~! € H, so the relation is
transitive.

Exercise Let G be a group, H < G and x € G. Denote by T the
equivalence class of © with respect to the equivalence relation =, (mod H).
Then & = Hx = {hx | h € H}. We will call Hx the right coset of « relative
to H.

Solution: We have that

i = {yeGly=,x(mod H)}
{yeGlyz~' € H}
{yeGlyz™ ' =h, hec H}
= {yeGly=hx, he H}
= {hxe€G|heH}=Hz.

Exercise [1.6.16] Any cyclic group is isomorphic to a Z,,.
Solution: If G is cyclic, then

G=<a>={d"|kec7},
and it is easy to check that the function
f:Z*}Ga f(k):aka

is a surjective group morphism. Consequently, G ~ Z/Ker(f) by Corollary
613

Exercise Prove the following isomorphisms:

Z) Zg/{0,4} ~ Z4.

ii) S3/{Id, (123), (132)} ~ Zs.

iii) Qs/{1,—1,i,—i} ~ Zo, where Qs = {1,—-1,4,—i,5,—J, k,—k} is the
quaternion group from Exercise TTVi).

i) Qs/{1,—1} =~ Zo x Zs, where Qs = {1,—1,i,—1i,5,—j,k, —k} is the
quaternion group from E:rercise xTVi).

Solution: i) Define f : Zg — Z4 by f(0) = f(4) =0, f(1) = f(5) =1,
f(2) = f(6) = 2, and f(3) = f(7) = 3. Then f is a surjective group
morphism, and Ker(f) = {0,4}, so we can apply Corollary

ii) Define f : S5 — Zs by f((12)) = f((13)) = f((23)) = 1, and f(Id) =
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£((123)) = f((132)) = 0. Then f is a surjective group morphism, and
Ker(f) = {Id,(123),(132)}, hence we can apply Corollary

ili) Define f : Qs — Z2 by f(1) = f(-1) = f(i) = f(—i) = 0 and
f() = f(=j) = f(k) = f(—k) = 1. Then f is a surjective group morphism,
and Ker(f) ={1,—1,i,—i}, thus we can apply Corollary

iv) Define f = Qs — Zs x Zy by f(1) = f(—1) = (0,0), () = f(—i) =
(1,0), f(4) = f(=5) = (0,1), and f(k) = f(~k) = (1,1). Then f is
a surjective group morphism, and Ker(f) = {1,—1}, so we can apply

Corollary
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1.7 Finite groups and the Lagrange theorem
A finite group is a group G such that the set G is finite.

Definition 1.7.1 Let G be a group. The order of the group G, if G is
finite, is equal to the number of elements of G. If G has n elements, we
will write |G| = n. If G is infinite we say that G has infinite order, and we
write |G| = 0.

We saw in Proposition [[.6.5] that the set of left cosets of a group relative
to a subgroup is in a bijection with the set of right cosets. This allows us
to give the following:

Definition 1.7.2 Let G be a group, and H < G. The index of H in G, is
equal to the number of left (or right) cosets of G relative to H, if there are
finitely many such cosets. If there are n cosets, we will write |G : H| = n.
If there are infinitely many cosets we say that H has infinite index in G,
and we write |G : H| = co. Note that if HQ G, then the order of the factor
group G/H coincides with the index of H in G: |G/H|= |G : H|.

It is clear that any subgroup of a finite group is finite and has finite in-
dex. An infinite group can have finite subgroups ({1,-1} < (0,00)), or
subgroups of finite index (|Z : nZ| = n if n > 0).

Exercise 1.7.3 A subgroup of index two is normal.
Theorem 1.7.4 Let G be a finite group, and H < G. Then
|G| = [H||G : H|.

Proof: G is equal to the union of the left cosets relative to H, and the
cosets are disjoint, so the order of G is equal to the sum of elements of
the left cosets. In each left coset xH there are |H| elements, because the
function ¢ : H — xH, @(h) = hx is bijective (it is clearly surjective, and
it is also injective by the cancelation law). On the other hand, there are
exactly |G : H| cosets, so the result follows. 1

Corollary 1.7.5 The order of a subgroup of a finite group divides the order
of the group.

Definition 1.7.6 Let G be a group and a € G. The order of a is the order
of < a >, the cyclic subgroup generated by a (recall that < a >= {a* | k €
Z}). We write |a| = |< a >|.
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Exercise 1.7.7 Let G be a finite group and a € G. Then:
i) the order of a divides the order of G.

it) la| =1 if and only if a = 1g.

iii) la| = |a™!].

Exercise 1.7.8 Find the orders of all the elements of the group:
i) Zy.

Zl) ZQ X ZQ.

i11) Zg.

iU) S3.

v) The quaternion group Qs.

Proposition 1.7.9 Let a € G, |a| =n. Then n is the smallest element of
the set {m € N|a™ = 1¢}.

Proof: Since |a| = n, it follows that < a >= {lg,a,a?,...,a" '} has n
elements, i.e. the elements 1¢,a,a?,...,a” ! are distinct, so in particular
ab # 15 if 0 < k < n. Since we know that a™ €< a >, it follows that
a™ = 1g, and the assertion is proved. |

Exercise 1.7.10 Leta € G, |a| =n. If a™ = 1¢g, then n | m.
Exercise 1.7.11 If |G| =n and a € G, then a" = 1.

Exercise 1.7.12 Any group of prime order is cyclic.

Proposition 1.7.13 A group of order 6 is isomorphic to Zg or Ss.

Proof: If G is cyclic, then G is isomorphic to Zg. If G is not cyclic, there
are no elements of order 6, so all elements different from 15 have order 2 or
3. If all elements have order 2, and we pick two such elements, x and y, then
zy also has order 2, so xyxy = 1g, and multiplying this equality by = on the
left and y on the right we get yz = xy. It follows that {1¢,z,y,zy} < G, so
by the Lagrange theorem 4 | 6, a contradiction. It follows that there exists
an element § € G of order 3. Then H = {1g,0,60%} has index 2, so it is
normal. We prove that any element z in the complement of H has order 2.
Indeed, 22 € H (G/H has order 2), and if 2% = 6 or 2% = 6% we get that the
order of z is 3 or 6. Since G is not cyclic, the order cannot be 6. If the order
is 3 and 22 = 02, then 6%z = 1¢g, so z = 0, a contradiction. Similarly, if
22 = 0 we get z = #2, a contradiction. In conclusion, the order of z is 2. Let
now 7 € G, 7 ¢ H. Then we know that the elements 7,76, 76% are distinct
and not in H, so they all have order 2 and G = {1¢,0,0% 7,70,70%}. We
have 07 = (0?) 1771 = (760%)"! = 762, and 0?7 = 0~ 1771 = (70)~! = 70,
and we can check that the group morphism ¢ : S3 — G, ¢((12)) = 7 and
»((123)) = 0 is an isomorphism.
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Exercise 1.7.14 Prove that a group of order 4 is isomorphic to Z4 or
ZQ X ZQ.

We now recall the definition of a least common multiple of two integers.
(Note that the definition can be extended to any number of integers.)

Definition 1.7.15 Ifa and b are integers, we say that m is a least common
multiple of a and b (and we write m = [a, b]) if the following conditions hold:
i)a|m andb|m

it) If a | n and b | n, then m | n.

Exercise 1.7.16 If a and b are integers, then ab = (a,b)[a,b] (this means
that if not both of a and b are 0, then [a,b] = ab/(a,b).)

Proposition 1.7.17 Let a,b € G, la| = m, |b| =n, and ab = ba. Then
i) if 1 = (m,n), then |ab|
ii) 1s it true that |ab| = [m, n] 9

Proof: i) Let k abl. Tt is clear that (ab)™™ = a™™b™" = lg, so
“1 7.1

k| mn by Exer(nse Now since (ab)* = 1¢g, then (ab)"* =
a™prk = = 1g. Then by Exercise ﬁwe get that m | nk, and since

1= (m7n) we have m | k by Euclid’s lemma. Similarly, n | k, and hence

mn = [m,n] | k, so mn = k.

ii) Take |a| = m > 1, and b = a~'. By Exercise [L.7.7]iii), |b| = m. Then

ab = ba = 1¢ has order 1 # [m, m] = m, so the answer is no. |

Exercise 1.7.18 Give an example to show that the conclusion of Proposi-

tion i) is not true if ab # ba.

Exercise 1.7.19 Show that:

i) Lp X Loy, = Ly, <= 1 = (m,n).
ii) nZ N mZ = [m,n]Z.

i1t) nZ + mZ = (m,n)Z.

Exercise 1.7.20 Let (ajas...a) € S, be a cycle of length k. Show that
[(ar1az...a;)| = k.

Exercise [1.7.20| provides a quick way to find the order of a permutation in
Sn- We first write the permutation as a product of disjoint cycles, then,
since disjoint cycles commute, we find the order of the permutation as the
least common multiple of the lengths of those cycles.

Exercise 1.7.21 Find the order of

Q
|
7N
—_
\S)
w
i~
— ot
N O
\]
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We now define the signature of a permutation. For any o € S;,, define

5(0_) — H 0-<7’z_;7(j)

If 0,7 € S,, we have

e(or) = H JT(ii:;T(j)_

Therefore
e: S, — {1,-1}

is a group morphism. This morphism is surjective, the identity is sent to
one, and any transposition is sent to —1. The permutations in the kernel of
this morphism (denoted by A,, and called the alternating group) are called
even, and the other ones are called odd. To see why they are called even
and odd, consider a cycle in S,, of length k, and write it as a product of
transpositions like this:

(ivia ... ig) = (ivig) (irin_1) . .. (iris)(i1i2).

Therefore any even (odd) permutation can be written as a product of an
even (odd) number of transpositions. In particular, a cycle is even if and
only if it has odd length.

The next important result is Cayley’s theorem. It says that any group is
isomorphic to a permutation group (i.e. a subgroup of a symmetric group
S(M), see Exercise xviii)), and we leave the proof as an exercise.

Exercise 1.7.22 Let G be a group. Prove that the map ¢ : G — S(G)
sending x € G to p(x) : G — G, (x)(g) = xg is an injective morphism
of groups.

Historically, the first studied groups were groups of permutations (of solu-
tions of polynomial equations). Groups also arise naturally as symmetries
of various geometric objects. The group of symmetries of a plane figure
consists of all the transformations applied to a cutout of that figure after
we take it out of a board before putting it back in the hole. It is clear that
the options that we have before putting the cutout back are rotations, or



1.7. FINITE GROUPS AND THE LAGRANGE THEOREM 59

flips, or combinations of these. We call these transformations symmetries,
and the operation is composition. Let us look at a few examples.

We start with the symmetries of a rectangle. Once we cut the rectangle
from a board and we take it out, we have the following options before we
put it back in: do nothing, just put it back, we denote this by I. Rotate
the rectangle by 7 (left or right, it’s the same transformation), we denote
this by R. Flip it upside down, we denote this by F. Twist it left to right
or right to left, we call this 7. Combining all these gives the following table
for this group

o I R F T
I I R F T
R R I T F
F F T I R
T T F R I

This group is called the Klein Four Group, is usually denoted by Vj and is
easily seen to be isomorphic to Zy X Zs.

Something really ineresting happens if we repeat the experiment with the
rectangle, but this time attach a ribbon to the center of the rectangle and
hold the other end, without twisting it. If we just take out the rectangle
and put it back in without doing anything, we get 1, as before. However,
if we rotate the rectangle by 27 before putting it back in, we get a new
transformation, denoted by —1, in which the rectangle is exactly as in the
initial position, but the ribbon has a full twist. The surprising thing is
that it does not matter if the twist is on the left or on the right (we are
allowed to move the rectangle and the end of the ribbon as long as we
don’t twist them). This is the famous Dirac belt trick, or the Balinese
candle-dance trick (look them up in YouTube), which says that two twists
in the ribbon are the same as no twist. In order to convince ourselves that
this is true, put two twists (4m) in the ribbon, move your hand holding
the ribbon closer to the rectangle (without twisting) until a loop is formed,
then ask a friend to grab the rectangle and move it through the loop (again,
without twisting). Now pull your hand holding the ribbon away and watch
the twists disappear (if you look at the ribbon before pulling you will get
a better uderstanding of the Balinese candle-dance trick). Now let’s check
that a left twist is the same as a right twist. Start with a left twist, then
add (temporarily) another left twist. Perform the Dirac belt trick to make
all twists disappear. Finally, we need to undo the left twist that we put
in, and this is done by performing a right twist. Now let’s see what other
transformations we can get. Rotating the rectangle by m clockwise adds
half a twist to the ribbon with the right side of the ribbon up. We denote
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this by i. Rotating the rectangle by 7 counterclockwise adds half a twist
to the ribbon with the left side of the ribbon up. We denote this by —i.
Flipping the rectangle such that the ribbon is on top is denoted by j, and
flipping it such that the ribbon is on the bottom is denoted by —j. Finally,
twisting the rectangle to the right puts a half twist on the ribbon (right
side up), and we denote this by k, while twisting the rectangle to the left
puts a half twist on the ribbon (left side up), and we denote this by —k.
As you have probably guessed the group of symmetries of this “tethered”
rectangle is the quaternion group Qs (see Exercise xxvi)). We just
check that composition by -1 is what it should be. For example, adding
a full left twist to a left half twist is equivalent to a right half twist. To
see this, add a temporary left half twist to get two twists, make the twists
disappear, then undo the left half twist by adding a right half twist.

We find now the group of symmetries of an equilateral triangle, which is
called the dihedral group D3. If we denote by 1 the identity transformation
(does nothing), by 6 the counterclockwise rotation of 2F about the center
of the triangle, and by 7 the flip along one of the heights of the triangle,
then we can check that

D3 = {179’92373 0T7 027}3

0% =72 =1, 70 = 621, so D3 ~ S5 as in the proof of Proposition
Another way to see this is to mark the vertices of the cutout and the vertices
of the hole by -, -, and --- (we use these rather than 1, 2, and 3 so that they
can be read from the other side as well), and note that the transformations
of the triangle correspond in fact to the permutations of the vertices.

The group of transformations of a square, which is called the dihedral group
Dy, is obtained as follows: we denote by 6 the counterclockwise rotation
of 5 about the center of the square, and by 7 the flip along one of the
perpendiculars from the center to one of the sides, then we can check that

Dy ={1,0,6% 03 1,07,0°1,037},
0* =72 =1, 70 = 0°1.
The group of transformations of a regular polygon with n sides, which is
called the dihedral group D, is obtained as follows: we denote by 6 the
counterclockwise rotation of 27” about the center of the polygon, and by 7

the flip along one of the perpendiculars from the center to one of the sides,
then we can check that

Dn - {1’ 9’ 92’ Tt 9’”«*1’7_7 97’7 627'7 AN 7971717.},

" =12=1,70 =6""11.
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Solutions to the Exercises on Section

Exercise A subgroup of index two is normal.

Solution: Let H < G, |G : H| = 2. The left cosets of G relative to H
are H and xH for some = € G, while the right cosets are H and Hx. But
Hx=xH =G\ H,so HJIG.

Exercise Let G be a finite group and a € G. Then:

i) the order of a divides the order of G.

it) la| =1 if and only if a = 1g.

iii) |a| = a1

Solution: i) The order of a is the order of the subgroup generated by a,
so the assertion follows from the Lagrange theorem.

ii) The subgroup generated by a is equal to {1¢} if and only if a = 14.
iii) a* = 1¢ & (a7 1)* = 1¢.

Exercise Find the orders of all the elements of the group:

i) Z4.

ZZ) ZQ X ZQ.

ii1) Zg.

Z"U) Sg.

v) The quaternion group Qsg.

Solution: The order of the identity element in a group is 1, so we will
ignore the identity element in all cases.

i) The order of 1 and 3 is 4, and the order of 2 is 2.

ii) All elements different from (0,0) have order 2.

iii) The order of 1 and 5 is 6, the order of 2 and 4 is 3, and the order of 3
is 2.

iv) The order of (12), (13), and (23) is 2, and the order of (123) and (132)
is 3.

v) The order of —1 is 2, and the order of i, —i, j, —j, k, and —k is 4.

Exercise Leta € G, |la| =n. If a™ = 1¢g, then n | m.

Solution: By the division algorithm we have m = gn+r, where 0 < r < n.
If » # 0, then a™ = o™ = (a")%a” = a" = 1, and this contradicts
Proposition m In conclusion 7 = 0, or n | m.

Exercise [1.7.11| If |G| =n and a € G, then a™ = 1¢.

Solution: Since G is finite, the order of a is also finite, and by Exercise

i), n = k|al. Then a™ = (al*)* = 1% = 14.

Exercise Any group of prime order is cyclic.
Solution: Let a € G, a # 1g. Then |a| # 1 and it divides the order of G.
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Since the order of G is prime, it follows that |a| = |G|, or < a >= G.

Exercise Prove that a group of order 4 is isomorphic to Z4 or
ZQ X ZQ.

Solution: Let G be a group of order 4. If there exists an element of order
4, then the group is cyclic, hence isomorphic to Z4. If there are no elements
of order 4, then all elements different from 15 have order 2. Let z,y be
two distinct such elements. Then the elements 1g,z,y,zy are distinct,
and hence G = {1g,z,y,zy}. Then the map f : G — Zy X Zo, defined
by f(lg) = (0,0), f(z) = (1,0), f(y) = (0,1), and f(zy) = (1,1) is an

isomorphism.

Exercise If a and b are integers, then ab = (a,b)[a,b] (this means
that if not both of a and b are 0, then [a,b] = ab/(a,b).)

Solution: It is clear that [0,0] = (0,0) = 0. Now if a and b are not both
0, let d = (a,b). We have that d | a | ab, so ab = md. We show that
m = [a,b]. We have that a = da; and b = dby. Therefore, da;db; = md,
hence aidb; = a1b = aby = m, i.e. m is a multiple of @ and b. Now if a | n
and b | n, it follows that n = aas and n = bby, so na; = bajby = mba,
and nb; = abias = mas. Let u,v be such that 1 = wua; + vb;. Then
n = n(uay + vby) = umbs + vmag = m(ubs + vas).

Exercise Give an example to show that the conclusion of Proposi-
tion i) is not true if ab # ba.

Solution: The order of (12) in S3 is 2, and the order of (123) is 3, but the
order of (12)(123) = (23) is 2.

Exercise [I.7.19] Show that:

i) Zp, X Loy, = Ly, <= 1 = (m, n).

it) nZ N mZ = [m,n]Z.

iii) nZ + mZ = (m,n)Z.

Solution: i) If 1 = (m,n), the order of (1,0) is n, the order of (0,1) is
m, and (1,0) and (0,1) commute, so the order of (1,1) is [n,m] = nm,
i.e. Zyn X Ly, is cyclic of order nm, hence isomorphic to Z,,,. Conversely,
if 1 # (m,n), then there is a least common multiple k& = [m, n] such that
0 < k < nm. For any (a,b) € Z,, X Zy,, we have k(a,b) = (0,0), so there
are no elements of order nm in Z, X Z,y,.

The right to left implication is known as the Chinese Remainder The-
orem, and is usually given in this form: if 1 = (m,n), then the system
of two congruences z = a (mod m) and = b (mod n) has a solu-
tion. A constructive proof of this statement goes like this: since 1 =
(m,n) we have 1 = m(m_l)(mod n) + n(n_l)(mod m)- A solution to the
first congruence is of the form mt + a, and we find ¢ by asking it to



1.7. FINITE GROUPS AND THE LAGRANGE THEOREM 63

also be a solution to the second congruence: mt + a = b (mod n), so
t= (m_l)(mod n) (b — a), and a solution to the system will be congruent to
m(m ™) (mod n) (b — a) + a (mod mn). Collecting terms in @ and b and re-
placing 1 — m(m ™) (mod n) = 2(n ™) (mod m) Produces the more symmetric
system solution 17.(n™1) (;mod m)@ + MM ™) (mod nyb (mod mn).

ii) Let nZ N mZ = kZ. We will show that k = [m,n]. Obviously kZ C nZ
and kZ CmZ,son | kand m | k. Now if n |l and m | [, then {Z C nZ and
1Z CmZ,so lZ CnZNmZ=FkZ,sok|l.

iii) Let nZ + mZ = dZ. We show that d = (a,b). Since nZ C dZ and
mZ C dZ, it follows that d | n and d | m. Now if s | n and s | m, it follows
that s divides any linear combination of n and m, in particular s | d.

Exercise [1.7.20| Let (ajas...ax) € S, be a cycle of length k. Show that
|(a1as .. .ar)| = k.

Solution: Let ¢ = (ajas...a;). Then o2(a;) = a3, 03(a1) = aa, ...
o*1(ay) = ay, and o* = Id.

Exercise Find the order of
(123456 7 8910 _g
7\3 6581210 79 4 10-

Solution: We have that o = (135)(26)(48710), so |o| = [3,2,4] = 12.

Exercise Let G be a group. Prove that the map ¢ : G — S(G)
sending x € G to p(x) : G — G, (x)(g) = xg is an injective morphism
of groups.

Solution: First we have that o(2y)(g) = (xy)g = z(yg) = ¢(x)(yg) =
() (p(y)(9) = p(@)p(y)(g) for all g € G, so p(zy) = p(z)p(y), i.e. ¢
is a group morphism. Now if z € Ker(p), it follows that ¢(z) = Idg, in
particular p(x)(1g) = 2lg = 1g. Therefore z = 1¢g, i.e. Ker(p) = {lg},
SO  is injective.
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Chapter 2

Rings

2.1 Rings and morphisms of rings

In this section we continue the process started in Section there we
started with a set and considered an operation on that set. Now we are
starting with a group and consider a second operation on it.

Definition 2.1.1 A ring is a set R with at least two elements, Og and 1g,
and two operations, + and -, called addition and multiplication, such that
the following conditions hold:

i) (R,+) is an abelian group with identity element Og.

it) Multiplication is associative and has identity element 1g. This means
that for all a,b,c € R we have:

a(be) = (ab)e and algp = 1ga = a.

i11) Multiplication is distributive with respect to addition, i.e. for all a,b,c €
R we have:
a(b+c¢) =ab+ ac and (a+ b)c = ac+ be.

If multiplication is commutative, we say that the ring is commutative.

Exercise 2.1.2 Let (R,+,-) be a ring. Then the following hold:

i) a0r = 0ra = 0g for all a € R.

it) Rule of signs: a(—b) = (—a)b = —ab, and (—a)(—b) = ab.

iii) a(by +ba+...+b,) =aby +aba+...+ab, and (b +ba+...+by)a =
bia +bsa+ ...+ bya for alln > 2 and a,by,bs, ..., b, € R.

iv) Newton’s binomial formula: If R is commutative, then for all a,b € R
and n > 1 we have

(a+b)"=a"+ (T) a" b+ (Z) a" T 4 (n ﬁ 1) ab™ !t 4 bm,

65
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Definition 2.1.3 An element a in a ring R is called invertible (or a unit),
if it has an inverse with respect to multiplication, i.e. there exists a’ € R
such that aa’ = a’a = 1g. The inverse of a unit a € R is unique (see
Exercise ii)) and will be denoted by a=*. The set of units of the ring
R will be denoted by U(R).

An element a in a ring R is called a left zero divisor if there exists b € R,
b # 0g, such that ab = 0g. Similarly, a will be a right zero divisor if there
erists b € R, b # Or, such that ba = Og.

Exercise 2.1.4 Let (R,+,-) be a ring. Then:

i) Or is a zero divisor (left and right).

it) if a € R is a unit, a is not a zero divisor (left or right).
ii1) if a € R is a zero divisor, a is not a unit.

i) (U(R),-) is a group.

Definition 2.1.5 A commutative ring F is called a field if any non-zero
element of R is a unit (i.e. U(F) = F* = F\{0p}). A commutative ring
D is called a domain if D has no zero divisors other than Op.

Exercise 2.1.6 Show that any field is a domain.

We give now some examples of rings, but leave the verification as an exer-
cise.

Exercise 2.1.7 Show that the following are rings. Which ones are com-
mutative? Which ones are domains? Which ones are fields?

Z) (Z’ +, ) :

iir) (R, +,-).

) (C, +,°).

v) The set of 2 x 2 matrices with real entries, together with the addition
and multiplication of matrices: (Ma(R),+,-).

vi) (C[0,1],+,-), where

Cl0,1] ={f:[0,1] — R | f is continuous},

(f +9)(@) = f(x) + g(x), (fg9)(x) = f(z)g(x), f,g € C[0,1], z € [0,1].

'Uii) (ZQ, +, )

viti) (Za, +, ).

i) (Zn,4+,-).

z) (End(G),+,-), where (G,+) is an abelian group,

End(G)={f:G — G| f is a group morphism},
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(f+9)(x) = f(z) +g9(x), (fg)(x) = (fog)(x), f,g € End(G), z €G.

i) H={a+bi+cj+dk|abcdecR,i?=j2=k*>=ijk=—1}, with
componentwise addition and multiplication defined by using distributivity
and the relations between i, j, k.

xii) If Fy = {0, 1, a,b} is a field, write the addition and multiplication tables
Of F4,

Exercise 2.1.8 Give an example of a domain that is not a field.

Exercise 2.1.9 If R is a ring and a,b € R, then

i) if ab = Og, does it follow that ba = 0 ?

it) if ab = 1g, does it follow that ba = 1g?

iit) (Jacobson-Kaplansky) if ab = 1r and ba # 1g, then the set of left
inverses of b, L = {c € R | ¢b =1}, is infinite.

Definition 2.1.10 Let R and R’ be rings, and f : R — R'. We say that
f is a ring morphism if the following hold:

i) [ is a group morphism, i.e. f(x +y) = f(x)+ f(y) for all x,y € R.

ii) f(zy) = f(2)f(y) for all 2,y € R.

iii) f(1) = 1n.

The morphism f is said to be an injective morphism if the function f is
injective. Similarly, if the function f is surjective, we say that f is a sur-
jective morphism. A ring morphism f : R — R’ is called an isomorphism
if there exists a ring morphism f' : R\ — R such that f o f' = Idr' and
f o f =1dg; we then say that the rings R and R’ are isomorphic, and we
write R ~ R'. A morphism from R to R is called an endomorphism of R,
and an isomorphism from R to R is called an automorphism of R.

We remark that since f is a group morphism, it is automatic that f(0g) =
O (see Exercise[1.4.10]i)). For ring morphisms we have to ask that f(1z) =
1R/, because it does not follow from the other two conditions. Indeed, the
constant map O from R to R satisfies i) and ii) from Definition [2.1.10] but

not iii).

Exercise 2.1.11 Let Ry and Ro be rings, and define the following opera-
tions on the cartesian product Ry x Ro: (z,y) + (z',y) = (v + 2,y + 1)
and (z,y) - (',y") = (z2’, yy'), where x,2’ € Ry and y,y" € Ro. Show that
Ry X Ry is a ring with these operations (it is called the direct product of
the rings Ry and Rs).

The following properties of ring morphisms are left as exercises:
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Exercise 2.1.12 Let f : R — R’ and g : R — R” be ring morphisms.
Then:

i) if v € U(R), then f(x) € U(R'), and we have f(z~') = f(z)~'.

it) gf is a ring morphism.

iit) f is an isomorphism if and only if f is bijective.

Exercise 2.1.13 Which of the following maps are ring morphisms? For
each of them decide if they are injective, surjective, or an isomorphism. If
a morphism is an isomorphism, find the inverse.

i) Idp : R — R.

it) i : 2 — Q, i(zx) =x/1 forx € Z.

ii) If v € U(R), fo: R— R, fu(y) = zyz~?! for ally € R.

w) f:ZLy — ZLs, f(a(mod 4)) = a(mod 2).

v) g: Lo — Ly, gla(mod 2)) = a(mod 4).

vi) p1: R X R — Ry, p1(z,y) = x.
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Solutions to the Exercises on Section 2.1

Exercise Let (R,+,-) be a ring. Then the following hold:

i) a0p = Ogra = Og for all a € R.

it) Rule of signs: a(—b) = (—a)b = —ab, and (—a)(—b) = ab.

iit) a(by +ba+...+b,) = aby +abs + ...+ ab, and (by +ba+ ...+ by)a =
bia+bsa+ ...+ bya for alln > 2 and a,by,bs, ..., b, € R.

iv) Newton’s binomial formula: If R is commutative, then for all a,b € R
and n > 1 we have

n__.n n n—1 n n—2p2 n n—1 n
(a+b)"=a —|—<1)a b+(2>a b +...—|—<n1>ab + 0"

Solution: i) a0g = a(0r + 0g) = aOg + a0g, and after adding —a0g to
both sides we get a0r = Or. The equality 0ga = Op is proved similarly.

ii) O = a0g = a(b —b) = ab + a(-b), so a(—=b) = —ab. The proof of
(—a)b = —ab is similar. Now (—a)(—=b) = (—(—a))b = abd.

iii) Use induction on n. For n = 2 we have a(b; +b2) = ab; +abs which is the
distributivity law. If the assertion is true for n, then a(b;+...+b,+bp11) =
a(by +...+by) + abpy1 =aby + ...+ ab, + abyiq.

iv) We use induction on n. For n = 1 the assertion is clear. Now assume
the assertion is true for n and compute (a + b)"*! = (a + b)"(a +b) =
a4+ (Mamb+ (5)a % + ...+ (,)",) a4+ ab™ + a™b+ ()a™ 1% +

(5)a™ 2% + ...+ (") ab™ + b™*1. The assertion follows after collecting

like terms and using (Z) + (kfl) = ("zl) for all 1 < k < n, which may be
verified directly.

Exercise Let (R, +,-) be a ring. Then:

i) Og 1s a zero divisor (left and right).

it) if a € R is a unit, a is not a zero divisor (left or right).

iii) if a € R is a zero dwisor, a is not a unit.

i) (U(R),-) is a group.

Solution: i) Oglg = 1g0g = Og.

ii) Assume that a is a unit, and let ab = Oz. After multiplying by a~! on
the left, we get b = 0g. Similarly, if ba = Og, then b = Og.

iii) is logically equivalent to ii).

iv) Multiplication is associative, 1z € U(R), and all elements in U have
inverses.

Exercise Show that any field is a domain.
Solution: Let F be a field. We need to show that if ab = Og, then a = Op
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orb=0p. Let ab= 0p and a # Or. Then a~! exists, and after multiplying
by it on the left we get b = 0p.

Exercise Show that the following are rings. Which ones are com-
mutative? Which ones are domains? Which ones are fields?

Z) (Z’ +, ) :

iii) (R, +,-).

) (C, +,°).

v) The set of 2 x 2 matrices with real entries, together with the addition
and multiplication of matrices: (Ma(R),+,-).

vi) (C[0,1],+,-), where

Cl0,1] ={f :]0,1] — R | f is continuous},

(f +9)(@) = f(z) + g(z), (f9)(z) = f(x)g(x), f.g € C[0,1], z €0,1].
UZZ) (ZQ, +a )
viii) (Za, +, ).
i) (Zp,4+,-).
z) (End(G),+, ), where (G,+) is an abelian group,

End(G) ={f:G — G| f is a group morphism},

(f +9)(@) = f(z) +9(z), (f9)(@) = (fog)(x), f.g € End(G), x €G.
i) H={a+bi+cj+dk|abcdecR,i*=j2=Fk?>=ijk=—1}, with
componentwise addition and multiplication defined by using distributivity
and the relations between 1, j, k.

xii) If Fy = {0,1,a,b} is a field, write the addition and multiplication tables
Of F4.

Solution: i) Z is a domain, but not a field, since 2 does not have an inverse
in Z.

ii), iii), iv) are fields.

v) M3(R) is a ring, but it is not commutative and it has zero divisors,

PRI
o] [o o] =00

vi) C[0,1] is a commutative ring and it has zero divisors, since fg = 0,
where

fx) =

o o

and

o

05—z f0<z<05 () = 0 f0<z<05
0 ifo5<z<1 9TV 05—z f05<z<1
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vii) Zs is a field.

viii) Z4 is a commutative ring, and it has zero divisors since 2 -2 = 0.

ix) Z, is a field if p is prime. Indeed, if 0 < a < p, then 1 = (a,p), so
1 = au + pv, and therefore the coset of u is the inverse of a in Z,. If n is
not prime, then n = kl, 1 < k,I < n so in Z,, we have k,l # 0 and kl = 0.
x) End(G) is a ring. If G is the group Z" like in Exercise xix), i.e.

ZN = {(a03a1,a2, .. ) | a; € Z}

and the operation is the componentwise addition, then we have the following
elements p,l,r € End(G):

plag, a1, as,...) = (ao,0,0,...) r(ag,a1,as,...) = (0,a9,a1,...).

We then have that p,r # 0 but pr = 0 and rp # 0, so in general End(G) is
not commutative and it has zero divisors.
xi) H is a ring in which all nonzero elements are units, and is not commu-
tative. Such a ring is called a division ring. For example, the inverse of
a+bi+cj+dk#0is
1
a? +b% + % + d?

(a —bi — cj — dk).

The elements of H are called quaternions and H is called the ring of real
quaternions. We can represent quaternions as matrices in M»(C) by using
the matrix representations of 1, 4, j, and k as in the solution to Exercise

1.4.50 xxvi):

S 10 0 -1 0 4 —i 0
a+bz+(:j+dka{0 1]+b[1 0 }+c{i 0}+d{ 0 z}

_|la—-di =b+c
| b+ oa+di |

We can also construct H using C in the same way we constructed C using
R:
a+bi+cj+dk=a+bi+cj+dij =a+bi+ (c+di)j.

xii) The elements 1, 1+ 1, 1 + a and 1 + b are distinct, so
{1,14+1,1+a,1+b}=Fy.
Therefore
1+1+1+14+a+1+b=14a+b,

and after adding to both sides the opposite of 1+a+b we get 1+1+1+1 = 0.
But

1+1+1+1=(1+1)(1+1)=(1+1)>*=0,
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so1+1=0. It follows that a + a = b+ b = 0. Now a + b cannot be 0,
because after adding a to both sides we would get a = b; it cannot be a
or b because we would get that either b = 0 or ¢ = 0, so it has to be that
a+ b= 1. In conclusion, the addition table of F} is

+ 0 1 a b
0 01 a b
1 1 0 b a
a a b 0 1
b b a 1 0

Now ab cannot be 0, a, or b, so ab = 1. Then a? cannot be 0, 1, or a, so we
must have a? = b, and, similarly, b> = a. In conclusion, the multiplication
table of Fy is

0 1 a b
0 00 0O
1 01 a b
a 0 a b 1
b 0 b 1 a

Exercise Give an example of a domain that is not a field.
Solution: The ring of integers Z.

Exercise If R is a ring and a,b € R, then

i) if ab = Og, does it follow that ba = 0 ?

it) if ab = 1g, does it follow that ba = 1 ?

i11) (Jacobson-Kaplansky) if ab = 1r and ba # 1, then the set of left in-
verses of b, L ={c € R | cb =1}, is infinite.

Solution: i) See the solution of Exercise v).

il) With the notation in the solution of Exercise x), also let | €
End(G), l(ag,a1,az2,...) = (a1,az2,...). Then Ir = 1 and rl # 1. We
also remark that this provides another example for i): r is a right zero
divisor because pr = 0, but it is not a left zero divisor because it has a left
inverse.

iii) (Bitzer) Define f: £L — L, f(c) = bc — 1 + a, where 1 = 1z. We show
that f is injective but not surjective, and therefore £ is infinite by Exercise
We first show that f is injective: if bc — 1 4+ a = b’ — 1 + a, then
bc = bc, so ¢ = ¢’ after multiplying on the left by a. Now, if there is a ¢
such that f(¢) = bc — 14 a = a, it follows that bc = 1, so ¢ = a, which
contradicts the fact that ba # 1. In conclusion, there is no ¢ such that
f(c) = a, ie. f is not surjective.

Exercise [2.1.11]| Let Ry and Ry be rings, and define the following opera-
tions on the cartesian product Ry x Ro: (z,y) + (z',y) = (x + 2,y + ')
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and (z,y) - (2',y") = (z2’,yy'), where x,2' € Ry and y,y' € Ry. Show that
R1 x Ry is a ring with these operations (it is called the direct product of
the rings Ry and Rs).

Solution: We already know that Ry and R, is an abelian group with ad-
dition. Distributivity follows from the distributivity in R, and R, and the
identity element is (1g,, 1R, ).

Exercise Let f: R — R' and g : R" — R" be ring morphisms.
Then:

i) if v € U(R), then f(x) € U(R'), and we have f(z~') = f(z)~!.

it) gf is a ring morphism.

iit) f is an isomorphism if and only if [ is bijective.

Solution: i) We have that 1z = f(1g) = f(za™!) = f(z)f(z™1).

ii) and iii). We already know from Exercise iii) and iv) that addition
is preserved. The proof for multiplication is identical.

Exercise Which of the following maps are ring morphisms? For
each of them decide if they are injective, surjective, or an isomorphism. If
a morphism is an isomorphism, find the inverse.

i) Idgr : R — R.

it) 1: Z— Q, i(x) =x/1 forx € Z.

iii) If v € U(R), fr: R — R, fu(y) = ayx~" for all y € R.

w) f:ZLy — Zs, f(a(mod 4)) = a(mod 2).

v) g : Lo — Zy, g(a(mod 2)) = a(mod 4).

vi) p1 : Ry X Ry — Ry, p1(x,y) = x.

Solution: i) It is an isomorphism, equal to its own inverse.

ii) It is an injective ring morphism.

iii) It is an isomorphism, with inverse f,-1. The fact that the multiplication
or the identity element are preserved follows like in the case of groups (see
Exercise iii)). In order to show that f, preserves the addition, use
left and right distributivity.

iv) f is a surjective group morphism by Exercise[[.4.11]vi). It is also a ring
morphism by the definition of multiplication for congruence classes.

v) g is not well defined, see Exercise vii).

vi) p; is a surjective group morphism by Exercise viii). It is also
a ring morphism by the definition of multiplication in the direct product
ring.
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2.2 Subrings and ideals

In this section we introduce two notions that are the analogs for rings of
the notions of subgroup and normal subgroup. We begin by the following:

Definition 2.2.1 Let R be a ring, and S a nonempty subset of R. Then S
1s called a subring of R if the operations on R induce on S a ring structure.

A trivial example of a subring in any ring R is R itself. When checking
that a certain subset S of a ring R is a subring we need to check three
conditions:

SR1) If z,y € S, thenz —y € S.

SRQ) 1g € S.

SR3) If z,y € S, then zy € S.

Note that SR2) ensures that S is not empty, and SR1) says that S is
a subgroup of R. In conclusion, a subring of a ring is a subgroup that
contains the identity and is closed under multiplication.

Exercise 2.2.2 Which of the following subsets are subrings:
i) Z C Q.

it) Q CR.

i) R C C.

w)IfneZ,nZ ={nk|keZ} CZ.

v) {0,2,4} C Zs.

vi) the intersection of a family of subrings of a ring R.

vig) D(0,1) = {f € C[0,1] | f differentiable on (0,1)} C C[0,1].

Exercise 2.2.3 Let f : R — R’ be a morphism of rings. Then:

i) f(R) is a subring of R' (as in the case of groups, we denote f(R) by
Im(f) and call it the image of f).

ii) is f " (0p/) a subring of R? (as in the case of groups, we denote f~1(0g/)
by Ker(f) and call it the kernel of f).

iii) If S is a subring of R, then f(S) is a subring of R'.

w) If S is a subring of R', then f=1(S’) is a subring of R.

v) f is surjective < Im(f) = R’.

vi) f is injective < Ker(f) = {Or}.

We now introduce an important notion that plays the same role for rings
that normal subgroups play for groups.

Definition 2.2.4 Let R be a ring and I a nonempty subset of R. We will
say that I is a left ideal of R if I is a subgroup of R and it is closed under
left multiples. This means that the following conditions are satisfied:
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LI1) for any x,y € I we have x —y € I.

L12) for any x € I and r € R we have rx € I.

We will say that I is a right ideal of R if I is a subgroup of R and it is
closed under right multiples. This means that the following conditions are
satisfied:

RI1) for any x,y € I we have v —y € I.

RI2) for any x € I and r € R we have xr € I.

An ideal that is both a left and a Tight ideal is called two-sided. Properties
LI2) and RI2) are called absorption properties.

Trivial examples of two-sided ideals in any ring R are {Og} and R itself.
An ideal different from R is called proper.

Exercise 2.2.5 i) A subring of R that is also an ideal (left or right) has
to be equal to R.
it) In general, the ideal I of R is equal to R < I contains a unit.

Exercise 2.2.6 Let F be a commutative ring. The following assertions are
equivalent:

i) F is a field.

it) The only ideals of F' are {Op} and F'.

Here are some examples.

Exercise 2.2.7 Which of the following subsets are ideals:
i) Z C Q.
it) fneZ,nZ ={nk|keZ} CZ.

iii) {0,2,4} C Zg.

iv) J C My(R), where
~{[32]
{5

vi) the intersection of a family of ideals (left, right, or two-sided) of a ring
R.

a,bER}

v) K C M3(R), where

a,beR}

Exercise 2.2.8 Let R be a commutative ring, and x1,%3,...,T, € R.
Then

I =Rx1+Ras+...+Rey, = {a1x1+asxe+...+apzy, | a; € R,1 <i<n}
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is an ideal of R, called the ideal generated by x1,x2,...,2,. If n =1, Ry
18 called the principal ideal generated by x1.

Definition 2.2.9 A domain in which all ideals are principal is called a
Principal Ideal Domain (or PID).

Exercise 2.2.10 Show that Z is a PID.

We end this section with the study of the behavior of ideals through ring
morphisms.

Proposition 2.2.11 Let f : R — R’ be a ring morphism. Then the
following assertions hold:

i) If I' is a left ideal of R, then f~1(I') is a left ideal of R, and the same
s true if we replace ”left” by “right” or "two-sided”.

it) If f is surjective and I is a left ideal of R, then f(I) is a left ideal of
R', and the same is true if we replace "left” by "right” or "two-sided”.

iii) Ker(f) is a two-sided ideal of R.

Proof: i) We know from Exercise iv) that f~1(I') < R. Let r € R
and x € f~1(I'). We know that f(z) € I’ and we want to prove that
f(raz) € I'. We have f(rz) = f(r)f(z) € I, because I’ is a left ideal of R’.
The proof of the other two assertions is similar.

ii) We know from Exercise iii) that f(I) < R'. Let ' € R’ and
2 € f(I). Then 2’ = f(z) for some = € I, and since f is surjective,
r" = f(r) for some r € R. We then have vz’ = f(r)f(z) = f(rz) € f(I),
since I is a left ideal of R. The proof of the other two assertions is similar.
iii) follows from i), because {Og/} is a two-sided ideal of R'. 1

Exercise 2.2.12 Give an example to show that the assertion in Proposi-

tion|2.2.11| i) is not true if f is not surjective.

Corollary 2.2.13 Let f : R — R’ be a surjective ring morphism. There
exists a bijective correspondence between the left ideals of R’ and the left
ideals of R which contain Ker(f), and the assertion remains true if we
replace ”left” by "right” or "two-sided”.

Proof: By Corollary[I.5.16] there exists a bijective correspondence between
the subgroups of R’ and the subgroups of R which contain Ker(f), so it is
enough to show that that correspondence maps ideals to ideals. Let I’ be a
left ideal of R’. Then f~*(I’) is a left ideal of R and Ker(f) = f~(0r/) C
FUI). If 1 is a left ideal of R and Ker(f) C I, then f(I) is a left ideal
of R'. The proof of the other two assertions is similar. |

Exercise 2.2.14 Show that any ideal of Z,, is principal.
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Solutions to the Exercises on Section 2.2

Exercise Which of the following subsets are subrings:

i) Z C Q.

i) Q C R.

iii) R C C.

) IfneZ, nZ={nk|keZ} CZ.

v) {0,2,4} C Zg.

vi) the intersection of a family of subrings of a ring R.

vit) D(0,1) = {f € C[0,1] | f differentiable on (0,1)} C C0,1].
Solution: i), ii) and iii) are all subrings.

iv) is not always a subring, because 1 ¢ nZ unless n = +1.

v) not a subring, it does not contain 1.

vi) if {S;}ier is a family of subrings of R, then S = N;¢1.S; is a subring. If
z,y € S, then x,y € S; foralli € I, so x+y,zy € S; for all i € I, therefore
r+y,zy € S. Since 1 € S; for all ¢ € I, it follows that 1 € S.

vii) is a subring, the constant function 1 is differentiable, and the sum and
product of two differentiable functions are differentiable.

Exercise Let f : R — R’ be a morphism of rings. Then:

i) f(R) is a subring of R' (as in the case of groups, we denote f(R) by

Im(f) and call it the image of f).

ii) is f~1(0r/) a subring of R? (as in the case of groups, we denote f~1(0g/)

by Ker(f) and call it the kernel of f).

iit) If S is a subring of R, then f(S) is a subring of R'.

i) If S is a subring of R', then f=1(S') is a subring of R.

v) [ is surjective < Im(f) = R'.

vi) f is injective < Ker(f) = {Or}.

Solution: i) is a subring. We know that I'm(f) is a subgroup of R'. We

have that 1z = f(1g) € Im(f), and if 2’,y" € Im(f), then 2’ = f(x) and

Y = f(y), and so 2’y = F(x)1(y) = f(zy) € Im(f).

ii) not a subring, 1z ¢ Ker(f).

iii) is a subring, the proof is similar to i).

iv) is a subring, we have 1z € f=1(5’). Thenifz,y € f~1(5’), so f(z+y) =
() + f(y) € §', and f(zy) = f(x)f(y) € S, thus & +y,zy € f~1(S).

v) is just the definition of surjectivity.

vi) follows from Exercise vi), because f is in particular a morphism

of groups.

Exercise i) A subring of R that is also an ideal (left or right) has to
be equal to R.

it) In general, the ideal I of R is equal to R < I contains a unit.
Solution: i) If 1z € I, then any r € R will be in I, since it can be written
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asr=rlgorr=1gr,so I = R.
ii) If I = R, then 1z € T is a unit. Conversely, if € I is a unit, then
Il =22 ! =2"'2,50 1z € I, thus I = R by i).

Exercise Let F be a commutative ring. The following assertions are
equivalent:

i) F is a field.

it) The only ideals of F' are {Op} and F'.

Solution: i) = ii). Let I # {Op} be an ideal of F. Choose x € I, z # Op.
Since F' is a field, x is a unit, so I = F' by Exercise ii).

ii) = i). Let ¢ € F, x # 0p. Then Rz = {ra | r € R} # {0r} is an ideal,
so it has to be equal to F, thus 1z = rzx for some r € F, i.e. = is a unit.

Exercise Which of the following subsets are ideals:
i) Z CQ.

i) IfneZ,nZ ={nk|keZ} CZ.

iii) {0,2,4} C Zsg.

iv) J C Ma(R), where

a,bER}

v) K C Ms(R), where

a 0

{15 4]
vi) the intersection of a family of ideals (left, right, or two-sided) of a ring
R.
Solution: i) not an ideal, 1 € Z but Z # Q.
ii) We have 0 =n0 € nZ. If z,y € nZ, then x = nk andy = nm,soz—y =
nk —nm = n(k —m) € nZ. Now if | € Z, then lx = I(nk) = n(lk) € nZ, so
nZ is an ideal.
iii) We have {0,2,4} = 2Z¢ = {2a | a € Z¢} = {2-0,2-1,2-2,2-3,2-4,2-5},
and the verification that this is an ideal of Zg is similar to ii).
iv) J is clearly a subgroup. We have

[a bHc d]:[ac+be ad+bf]€J7

a,beR}

0 0l|e f 0 0

olle ][]

and
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so J is a right ideal but not a left ideal.
v) K is clearly a subgroup. We have

c d a 0 ca+db 0
{e be O]{da—l—fb o}eK’

10 0 1 0 1
LolT o]l 1]em
so K is a left ideal but not a right ideal.
vi) if {I; };er is a family of (right) ideals of R, then I = N;¢rS; is a subgroup
by Exercise vi). If x € I, and y € R, then « € I; for all i € I, so
zy € I; for all i € I, therefore xy € I. Similarly for left or two-sided ideals.

and

Exercise Let R be a commutative ring, and x1, %2, ..., T, € R. Then
I =Rzi+Rao+...+Rxy = {arz1+asza+...+apzy, | a; € Ry21<i<n}

1s an ideal of R, called the ideal generated by x1,%2,...,T,. Ifn =1, Rx;y
1s called the principal ideal generated by 1.
Solution: We have O = Ogx1 + Ogzs + ...+ 0gz, € I, and

a1x1 + as®e + ... + anxy, — (121 + bozo + ... + bpxy,) =

= (a1 — b1)$1 + (a2 — bz)l‘g 4+ ...+ (an — bn)ﬂjn el.
If r € R, then

r(a1zy + agxs + ... + anty) = (ray)xy + (rag)zs + ... + (rag)x, € 1,
so I is an ideal.

Exercise [2.2.10] Show that Z is a PID.

Solution: First, Z is a domain, because it is commutative, and mn # 0 if
m # 0 and n # 0. Then by Proposition [I.5.7] all subgroups of Z are of the
form nZ, and by Exercise these are ideals. In conclusion, all ideals of
Z are principal.

Exercise [2.2.12| Give an example to show that the assertion in Proposition
2.2.11) ii) is not true if f is not surjective.

Solution: Consider the inclusion Z C Q, Z is not an ideal of Q.

Exercise [2.2.14] Show that any ideal of Z,, is principal.
Solution: Let I be an ideal of Z,,. Then [ is a subgroup of Z,,, so by Corol-
lary we have that I is the image through the canonical surjection of
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a subgroup of Z which contains nZ, i.e. I = can(dZ) = dZy, where d | n
But dZ, is the principal ideal generated by d so [ is pr1nc1pa1 (We could
also use Exercise and the fact that if m € Z, then md = md = md)



2.3. FACTOR RINGS 81

2.3 Factor rings

Let G be a group and H < G. Recall that this means that H = Hx for
all x € G, or, equivalently, that the two congruences modulo H, left and
right, coincide:

r=ylmod H) < a2y ' ¢ He a7 ly € H.

This also meant that congruence modulo H is compatible with the group
operation, i.e. we can multiply congruences: if x = y(mod H) and z =
w(mod H), then xz = yw(mod H), because zw~' = h € H, xh = hyx for
some hy € H, and 2y~ = hy € H, so zz(yw)™! = zzw "y~ = zhy™! =
hizy~! = h1hy € H. This is equivalent to the fact that multiplication of
congruence classes (or cosets) relative to H is well defined, or the canonical
surjection from G to G/H is a group morphism.

Let now R be a ring and I a two-sided ideal of R. In particular, I is a
subgroup of the abelian group R (under addition), so I is a normal subgroup
of R. In conclusion, we can introduce a group structure on the factor group
R/I like this:

(z+D+@y+I)=(x+y) +1, z,y€R,

so R/I is a group under the addition defined above, and the canonical
surjection can : R — R/I is a surjective group morphism. The zero
element of this group is Og;; = 0+ [ = I. The fact that I is a two-sided
ideal allows us to define multiplication on R/I like this:

(z+I)(y+I)=2y+1I, r,y€R.
In order to show that this multiplication is well defined, we need to show
that if x — 2’ € I and y — ¢y’ € I, then 2y — 2'y’ € I. Now zy — 2’y =
xy—ay +ay —2'y =x(y—y' )+ (x—2')y’ € I, because both z(y—y’) and
(z — 2")y’ belong to I (note that both left and right absorption properties
were used). In this way R/I becomes a ring with identity 1z,; = 1+ I.
The fact that the ring axioms are verified follows from the definition of the

operations and the fact that R is a ring. For example left distributivity is
checked as follows:

@+ D+ +(z+1) = (@+Dy+z+1)
x(y+z2)+1

zy+axz+1

= (zy+I)+ (zz+1)

= (@+Dy+D+(@+D)(z+1).
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Definition 2.3.1 If R is a ring, and I is a two-sided ideal of R, the ring
R/I constructed above is called the factor ring of R relative to I.

As in the case of sets or groups, we can define factor rings without any
reference to elements:

Definition 2.3.2 A factor ring of the ring R is a pair (N,p), where N s
a ring, and p: R — N 1s a surjective ring morphism.

Since can : R — R/I is a surjective ring morphism, a factor ring in the
sense of Definition [2.31]is also a factor ring in the sense of Definition 2:3.2]
The fact that the two definitions are equivalent will follow, as in the case
of sets or groups, from a universal property.

Theorem 2.3.3 (The Universal Property of the Factor Ring) Let
(N,p) be a factor ring of the ring R, let X be a ring and f: R — X a
ring morphism.

i) There exists a ring morphism u : N — X such that f = up, which
means that the diagram

X

is commutative, if and only if Ker(p) C Ker(f). If u exists, then it is
unique.

If u as in i) exists, then:

it) u is surjective if and only if f is surjective.

ii1) u is injective if and only if Ker(p) = Ker(f).

Using Theorem [1.6.10] we see that the only thing left to prove is that if a
group morphism u as in the statement exists, then it is a ring morphism.
Since f is a ring morphism, the proof is identical to the one of Theorem

CE10
Exercise 2.3.4 Prove Theorem[2.3.3

Corollary 2.3.5 If (N1,p1) and (Na,p2) are two factor rings of R such
that Ker(p1) = Ker(pz), then there exists an isomorphism u : Ny — Na
such that up; = ps.
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Exercise 2.3.6 Prove Corollary[2.5.5

Corollary 2.3.7 If (N,p) is a factor ring of R, then there exists an iso-
morphism uw: N — R/Ker(p) such that uo p is the canonical surjection.

Exercise 2.3.8 Prove Corollary[2.3.7}

Corollary 2.3.9 (The First Isomorphism Theorem for Rings) Let
f: R — R be a ring morphism. Then

R/Ker(f) ~ Im(f).

Exercise 2.3.10 Prove Corollary[2:3.9

Read again Corollary [2.2.13| and its proof before attempting the following:

Exercise 2.3.11 There is a bijective correspondence between the ideals of
the factor ring R/I and the ideals of R that contain I.

Corollary 2.3.12 (The Second Isomorphism Theorem for Rings)
Let R be a ring and let I C J be two-sided ideals of R. Then

(R/T)/(J/I) ~ R/J.
Exercise 2.3.13 Prove Corollary[2.5.13

Exercise 2.3.14 Any factor ring of Z is isomorphic to a Z, for some
nteger n > 0.

Exercise 2.3.15 i) Prove that Zs is isomorphic to a factor ring of Zg.
it) If d | n are positive integers, prove that Z, is isomorphic to a factor ring
of L,

Exercise 2.3.16 Let n > 0 be an integer.

i) Describe the units of the ring Z,,.

i1) Describe the zero divisors of the ring Z,,.

i) (Euler’s Theorem) If a is an integer and 1 = (a,n), then a¥™) =
1(mod n), where @(n) is the Euler function, ©(0) = 0, ¢(1) = 1, and if
m > 1, p(m) = number of natural numbers relatively prime to m and less
than m.

iv) Show that Zp, X Ly, = Lpm as Tings < 1 = (n,m).

v) @ is multiplicative, i.e. o(nm) = p(n)p(m) if 1 = (n,m).
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vi) p(p*) = p* — 1.
vig) If n = plflpé€2 ...p% and p; are distinct primes, 1 <i <'s, then

wen(i-3) (- £) -2

viii) (Fermat’s Little Theorem) If p is a positive prime and a is an integer,
then a? = a(mod p).

The result in the following exercise is known as Wilson’s Theorem.

Exercise 2.3.17 An integer p > 1 is prime if and only if (p — 1)! =
—1(mod p).

As we did at the end of Section [I.6] we mention another way of introducing
factor rings. Instead of starting with a group R and a two-sided ideal of R,
we start with an equivalence relation R on the set R which is compatible
with the ring operations, i.e. we can add and multiply relations: if x1Ry;
and zoRys, then x1 + y1Rxo + yo and x1y1 Rx2y2, and moreover 1 and 0
are not equivalent. The fact that then the factor set R/R becomes a ring
such that the canonical surjection is a ring morphism follows from the fact
that 2Ry if and only if x and y are congruent modulo the two-sided ideal
Co={a € R|aR0}.
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Solutions to the Exercises on Section 2.3

Exercise [2.3.4] Prove Theorem[2.3.3.

Solution: We know that if u exists, then it is a morphism of additive
groups. We have that w(1y) = u(p(1g)) = f(1g) = 1x. Then let 2,y €
N, and z,y € R such that p(z) = 2’ and p(y) = ¢'. It follows that
u(z'y') = u(p(e)py)) = u(p(ey)) = foy) = F@2) () = ulp@)up)) =
w(z)u(y').

Exercise Prove Corollary[2.3.5
Solution: Take (N,p) = (N1,p1), X = Ny and f = ps in Theoremm

Exercise Prove Corollary[2.3.7
Solution: Take (N1,p1) = (N,p) and (Na,p2) = (R/Ker(p), can), where
can : R — R/Ker(p), can(z) = © + Ker(p). Then Ker(can) = Ker(p)

and we can apply Corollary

Exercise Prove Corollary[2.3.9
Solution: Use Corollary for (Im(f), f).

Exercise There is a bijective correspondence between the ideals of
the factor ring R/I and the ideals of R that contain I.

Solution: Apply Corollary for can : R — R/I and note that
Ker(can) = 1.

Exercise Prove Corollary|[2.3.13

Solution: Define f: R/I — R/J by f(x +I) = x + J. We have that f
is well defined, because if x — y € I it follows that z —y € J, since I C J.
It is clear that f is surjective and Ker(f) = J/I, so the result follows from

Corollary

Exercise Any factor ring of Z is isomorphic to a Z, for some
teger n > 0.

Solution: By Exercise [2.2.10] any ideal of Z is of the form nZ. Then
20T = T,

Exercise i) Prove that Zs is isomorphic to a factor ring of Zg.

it) If d | n are positive integers, prove that Zq is isomorphic to a factor ring
of L, .

Solution: i) Define f : Zg — Z3 by f(a(mod 9)) = a(mod 3). Since 3 | 9,
f is a well defined surjective ring morphism. Then Zg/Ker(f) ~ Zs by
Theorem [2.3.9] Note that Ker(f) = {0,3,6} = 3Zj.

ii) Define f : Z,, — Zq by f(a(mod n)) = a(mod d). Since d | n, f is a
well defined surjective ring morphism. Then Z,, /Ker(f) ~ Z4 by Theorem
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Note that Ker(f) = dZ,.

Exercise Let n > 0 be an integer.

i) Describe the units of the ring Z,.

i1) Describe the zero divisors of the ring Z,,.

i) (Euler’s Theorem) If a is an integer and 1 = (a,n), then a¥™) =
1(mod n), where @(n) is the Euler function, ©(0) = 0, ¢(1) = 1, and if
m > 1, p(m) = number of natural numbers relatively prime to m and less
than m.

iv) Show that Zp, X Ly, = Zipm as Tings < 1= (n,m).

v) @ is multiplicative, i.e. p(nm) = @(n)e(m) if 1 = (n,m).

vi) p(p*) = p* —pFL.

vii) If n = plflplz€2 ...p% and p; are distinct primes, 1 < i < s, then

wn(i-) (- 2) -2

viii) (Fermat’s Little Theorem) If p is a positive prime and a is an integer,
then a? = a(mod p).

Solution: i) (See Exercise ii1)). The units of Z,, are denoted by U,,
they consist of those a € Z,, with the property that 1 = (a,n), and they
form an abelian group under multiplication. We have that a € Z,, is a unit
if and only if au = 1 for some wu, if and only if n | 1 — au if and only if
1 — au = nv for some v, if and only if 1 = au + nv if and only if 1 = (a,n).
ii) If a € Z,, is not a unit, then it is a zero divisor. Indeed, if a € Z,, is not
a zero divisor, then the map f : Z,, — Z,, f(b) = ab is injective, because
if abl = abg, then a(b1 — bg) = O, SO bl - bg = 0, or b1 = bg. Since Zn
is finite, f is also surjective, so there exists a b such that ab = 1, i.e. a
is a unit. Consequently, by Exercise iii), the zero divisors in Z,, are
precisely the non-units: {a € Z, | 1 # (a,n)}.

iii) By i), the order of the group U,, is p(n) = |U,|. If 1 = (a,n), then a
is an element of the group, hence its order divides the order of the group,
i.e. p(n), by Exercise i), and the result follows.

iv) If Zy, X Zy, =~ Zpm as rings, they are also isomorphic as groups, so
1 = (n,m) by Exercise i). Conversely, if 1 = (n,m), then the map
f i Zpm — Ly X L, f(a(modnm)) = (a(modn),a(modm)) is an injec-
tive ring morphism, hence an isomorphism (both sets have the same number
of elements).

v) Let 1 = (n,m). By iv) and the definition of multiplication in the direct
product, we have that U, x U,, ~ U,,,. The left hand side has ¢(n)p(m),
and the right hand side has ¢(nm) elements, so the result follows.

vi) We count how many numbers between 1 and p* are not relativley prime
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to p®. These numbers are p, 2p, 3p, p*~'p = p*, so there are p*~! of them.
The rest, i.e. p*¥ — p*~1, are relatively prime to p*.
vii) Since the p; are distinct primes, we apply v) k& — 1 times and we get
oy py? .. pke) = @(p'fl)w(p’?zz Lpi) = = (P )e(P5?) - (phe).
Then by vi) we get ¢(n) = (py* —pi* ) (p5* = p5* 1) ... (e —pbe™!) =
n(17i> (1fi)...(1fi).

P1 p2 Ps
viii) We need to show that p | a? —a = a(aP~! — 1). This is obviously true
if p divides a. If p does not divide a, use iii) for n = p to obtain that p
divides a?~1 — 1.

Exercise An integer p > 1 is prime if and only if (p — 1)! =
—1(mod p).

Solution: If p = 2 the assertion is clear. If p is an odd prime, U, =
{1,2,...,p—1}. If a € U, is equal to its own inverse, then p | a® —
l=(a+1)(a—1),s0a =p—1, or a = 1. Therefore, in the product
(p—1!=1-2-3---(p—1), each element appears with its inverse (with
the exception of 1 and p — 1, which are their own inverses. Therefore,
p-N=1-1-1---1-(p—1)in Zp, or (p — 1)! = —1(mod p).
Conversely, if (p—1)! = —1(mod p), it follows that p is not divisible by any
prime less than p — 1, so p is prime.
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2.4 Prime and maximal ideals

From now on, all rings will be commutative.

Definition 2.4.1 An ideal P of the commutative ring R is said to be prime
if P# R and ab € P implies that a € P or b € P.

Exercise 2.4.2 Show that {Og} is a prime ideal if and only if R is a do-
main.

Exercise 2.4.3 i) Show that {0} is a prime ideal of Z.
ii) Show that if P # {0} is a prime ideal of Z, then P = pZ, where p is
prime.

We now investigate how prime ideals behave relative to ring morphisms.

Proposition 2.4.4 Let f : R — R’ be a ring morphism (recall that all
rings are commutative).

i) If P’ is a prime ideal of R', then P = f~Y(P’) is a prime ideal of R.

it) If f is surjective, and P is a prime ideal of R such that Ker(f) C P,
then P’ = f(P) is a prime ideal of R'.

Proof: i) We first remark that P # R, because 1 ¢ P = f~1(P')
(f(1g) = 1rr ¢ P’). We know that P is an ideal of R by Proposition
i). Let now ab € P. Then f(ab) = f(a)f(b) € P’, and since P’ is
prime, we have that f(a) € P’ or f(b) € P'. So we have a € P or b € P.

ii) We know that P’ is an ideal of R’ by Proposition ii). More-
over, P’ # R/, because if 1z € P’, then there exists x € P such that
f(x) = f(1g) = 1r. But then x — 1 € Ker(f) C P, so 1g € P, a contra-
diction. Let now a’d’ € P’. Then o’ = f(a) and b’ = f(b), where a,b € R,
and f(a)f(b) = f(ab) € P'. This means that f(ab) = f(x) for some = € P.
But then ab — x € P, so ab € P. It follows that a € P or b € P, i.e.
a = f(a)€ f(P)=P,or b = f(b) e f(P)=P'. |

Exercise 2.4.5 Give examples to show that Proposition it) fails if
either f is not surjective, or P does not contain Ker(f).

Corollary 2.4.6 The following are equivalent for an ideal P of R:
i) P is prime.
it) R/P is a domain.

Proof: Use Proposition for can : R — R/P, can(z) = = + P,
P = Ker(can), and P' = {Og/p}. 1

Exercise 2.4.7 Prove Corollary[2.7.6 using the definition of a prime ideal.
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Exercise 2.4.8 Show that a prime ideal of Z,, is of the form pZ,,, where
p € Z is a prime divisor of n.

Definition 2.4.9 An ideal M of the commutative ring R is said to be max-
imal if M # R and for any ideal I of R such that M C I C R it follows
that I = M or I = R.

Exercise 2.4.10 Show that {Or} is a mazimal ideal if and only if R is a
field.

Proposition 2.4.11 Let f : R — R’ be a surjective ring morphism (recall
that all rings are commutative).

i) If M' is a mazimal ideal of R', then M = f=1(M’) is a mazimal ideal
of R.

i) If M is a mazimal ideal of R such that Ker(f) C M, then M' = f(M)
is a mazimal ideal of R'.

Proof: Recall from Corollary[2.2.13]that there is a bijective correspondence
between the ideals of R’ and the ideals of R that contain Ker(f). Since
this correspondence preserves inclusions, the result follows.

Use Proposition [2.4.11] to prove the following:

Exercise 2.4.12 The following are equivalent for an ideal M of R:
i) M is mazimal.
it) R/M is a field.

Exercise 2.4.13 Prove Ezercise|2.4.12 using the definition of a maximal
ideal.

Exercise 2.4.14 M is a mazimal ideal of Z if and only if M = pZ, where
p 1S prime.

Exercise 2.4.15 i) Show that if M is a maximal ideal of R, then M is
prime.
it) Give an example of a prime ideal that is not mazimal.

Exercise 2.4.16 i) Find the maximal ideals of Z,,.
it) Can you find a prime ideal in Z,, that is not mazximal?

Exercise 2.4.17 Any proper ideal of Z is contained in a maximal ideal of

Z.

The assertion of Exercise remains true if we replace Z by a commu-
tative ring R, but we will not prove this.
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Solutions to the Exercises on Section [2.4]

Exercise Show that {Ogr} is a prime ideal if and only if R is a
domain.

Solution: R is a domain if and only if ab = O implies a = O or b = Op,
i.e. {Ogr} is a prime ideal.

Exercise i) Show that {0} is a prime ideal of Z.

ii) Show that if P # {0} is a prime ideal of Z, then P = pZ, where p is
prime.

Solution: i) Z is a domain.

ii) If pZ, p # 0, is a prime ideal, then pZ # Z, i.e. p # £1. Now pZ is a
prime ideal < if ab € pZ then a € pZ or b € pZ < if p | ab then p | a or
p | b, so p is prime.

Exercise Give examples to show that Proposition it) fails if

either f is not surjective, or P does not contain Ker(f).

Solution: Consider first the inclusion of Z in Q. Then 27Z is a prime ideal
of Z, but it is not even an ideal of Q. Now look at can : Z — Zso, which
is a surjective ring morphism. Then 37 is a prime ideal of Z, it does not
contain Ker(can) = 27, and can(3Z) = Zs, so it is not a prime ideal.

Exercise Prove Corollary[2.4.6 using the definition of a prime ideal.
Solution: By Exercise R/P is a domain < {Og/p} is a prime ideal
< (a+ P)(b+ P)=Pimpliessa+ P=Porb+ P =P & ab € P implies
a€ Porbe P < Pis a prime ideal.

Exercise Show that a prime ideal of Z, is of the form pZ,, where
p € Z is a prime divisor of n.

Solution: The prime ideals of Z,, are images through the canonical sur-
jection can : Z — Z,, of prime ideals of Z that contain Ker(can) = nZ,
i.e. pZ, where p | n and p is prime. Then can(pZ) = pZ,.

Exercise [2.4.10| Show that {Or} is a mazimal ideal if and only if R is a
field.

Solution: R is a field & {Og} and R are the only ideals of R < {0g} is
a maximal ideal.

Exercise The following are equivalent for an ideal M of R:

i) M is mazimal.

it) R/M is a field.

Solution: Let can : R — R/M denote the canonical surjection.

i) = ii). We have that M = Ker(can), so if M is maximal we get that
can(M) = {M} = {Og/p} is also maximal, i.e. R/M is a field.
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ii) = i). If R/M is a field, then {Og/p} is maximal, so M = Ker(can) is

maximal.

Exercise [2.4.13| Prove Ezercise using the definition of a mazimal

tdeal.

Solution: i) = ii). If M is maximal, let x + M € R/M, x + M # O/,
ie. ¢ M. Then I = M+ 2R ={a+a2r | a € M,r € R} is an ideal
of R that strictly contains M (because z € I and z ¢ M). Since M is
maximal, we have I = R, so 1 = a + zr for some m € M and r € R. Then
(z+M)r+M)=azr+M =1+ M, soxz+ M is a unit.

ii) = i). Let M C I C R, and assume M # I. Let x € I, x ¢ M. Since
R/M is a field, x + M has an inverse r + M, i.e. or+ M =1+ M, or
l—are M CI Thenl—azr=bel,sol=ar+bel, ie. I =R.

Exercise M is a mazimal ideal of Z if and only if M = pZ, where
p s prime.

Solution: The ideal M = pZ is maximal if and only if p # +1 and if
pZ C dZ C Z then dZ = pZ or dZ = 7, if and only if d # 0, d # +1, and
if d | p, then d = +p or d = £1, if and only if p is prime by Exercise

iii).

Exercise 1) Show that if M is a mazimal ideal of R, then M 1is
prime.

it) Give an example of a prime ideal that is not maximal.

Solution: i) If M is maximal, then R/M is a field, hence a domain, so M
is prime.

ii) The ideal {0} of Z is prime because Z is a domain, but not maximal,
because Z is not a field.

Exercise i) Find the mazimal ideals of Z,,.

it) Can you find a prime ideal in Z,, that is not mazimal?

Solution: We assume that n > 1.

i) will follow from ii).

ii) No, by Exercise a prime ideal of Z,, is of the form pZ,, = pZ/nZ, so
Ly [pZLy = (Z/nZ)]/(pZ/nZ, which is isomorphic to Z, by Corollary
Therefore all prime ideals of Z,, are maximal.

Exercise [2.4.17| Any proper ideal of Z is contained in a mazximal ideal of
Z.
Solution: Any integer n # £1 has a prime divisor p, so nZ C pZ.
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2.5 Rings of fractions

Recall that all rings considered here are commutative.

Definition 2.5.1 Let R be a commutative Ting, and S C R. We say that
S is a multiplicative subset if the following conditions are satisfied:

MS]) 1p € S.

MS2) if s,t € S, then st € S.

MS3) S does not contain any zero divisors.

Exercise 2.5.2 i) If P is a prime ideal of R, show that R\ P has proper-
ties MS1) and MS2).

it) If R is a domain and P is a prime ideal of R, then R\ P is a multi-
plicative set.

iit) If R is a domain, show that S = R* = {r € R | r # Or} is a multi-
plicative set.

w) If f € R is not a zero divisor, then S = {f* | k € N} is a multiplicative
set.

v) If R is a commutative ring, the set S = {s € R | s is not a zero divisor}
18 a multiplicative subset.

vi) Is {1,3,5} C Zg a multiplicative set?

vig) Is {1,3,5,7} C Zsg a multiplicative set?

Lemma 2.5.3 Let R be a commutative ring and S a multiplicative subset
in R. The relation on R x S defined by

(a,s) ~ (bt) & at =bs
18 an equivalence relation.

Proof: The relation is clearly reflexive, i.e. for any (a,s) € R x S we
have (a,s) ~ (a,s), since as = as. If (a,s) ~ (b,t), then at = bs, so
bs = at, and therefore (b,t) ~ (a, s), i.e. the relation is symmetric. Finally,
if (a,s) ~ (b,t) and (b,t) ~ (c,u), then at = bs and bu = ct. Multiplying
the first equality by v and the second one by s, we get atu = bsu, and
bsu = cts. Consequently, we get atu = cts, so t(au — ¢s) = 0g. Since t € S
is not a zero divisor, we get au = c¢s, i.e. (a,s) = (c,u), so the relation is
transitive, and the proof is complete. |

The equivalence class of the element (a,s) € R x S will be denoted by %
and called a fraction. The element a will be called the numerator of the
fraction g, and the element s will be called the denominator of the fraction

a
—. We remark that if we allow zero divisors in .S, then the relation defined
s
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in Lemma [2.5.3is not an equivalence relation, because it is not transitive.
To see this, assume that a € S and b € R, b # 0 such that ab = 0z. Then
we have

b ab - OR o OR

1z a a 1gp’
. o . b Or
since it is easy to check each equality, however 1= # o because b # Og.

It is possible to allow zero divisors in S by changing the definition of the
equivalence relation on R x S, but we will not do this here.

Proposition 2.5.4 Let R be a commutative ring, S a multiplicative subset
in R, and denote by

a

{f \ (a,s)eRxS}

S

RxS

~

ST'R =
the factor set of the set R x S relative to the equivalence relation ~. Then
STIR becomes a commutative ring with the following operations:

a b at+bs

s t st

)

and

a b ab
s t st

Moreover, the map

a
ps: R— STIR, o(a) = E

is an injective ring morphism that sends each s € S to a unit in ST'R. We
will call pg the canonical injection.

Proof: We first need to show that the two operations are well defined, i.e.
the definitions do not depend on the representatives chosen. This means
a d b b
that if — = — and - = —, we need to prove that
s & t ot

at+bs a't' +V's

b

st s't!
and
ab  a't/
st st

In order to prove the first equality, we need to show that (at + bs)s't’ =
(a't’+b's")st. We know that as’ = a’s and bt’ = b't, so, after multiplying the
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first by ¢’ and the second by ss’, we get ats’t’ = a’t'st and bss't’ = V's’st,
which can be added to obtain the desired equality.

In order to prove the second equality, we need to show that abs’t’ = a'b’st,
which can be obtained by multiplying as’ = a’s and bt' = b't.

It may be immediately checked that the addition of fractions defined above

. L : 0
is associative and commutative. Then we have that 0g-15 = 1—R = — for
R S

. a . —a . . .
any s € S, and the opposite of — is —, so S™'R is an abelian group with
S S
+.
The multiplication of fractions is obviously associative and commutative,
1r
and 1lg-1p = —
1r
S~'R is a commutative ring.

S
— for any s € S. Distributivity is also easy to check, so
S

0
It is obvious that @g is a ring morphism, and if % = lj’ then a = Og, i.e.
R R
Ker(ps) = {0r}, so pg is injective.
1
Finally, if s € S, then ¢(s) = 1i is a unit with inverse (cp(s))*l A
R s

Definition 2.5.5 We will call the pair (ST'R, ¢s), defined in Proposition
the ring of fractions of R relative to S (or with denominators in S).

The ring of fractions has the following universal property:

Theorem 2.5.6 (The Universal Property of the Ring of Fractions)
Let R be a commutative ring, S a multiplicative subset in R, and (S™'R, pg)
the ring of fractions of the ring R with denominators in S. Then for any
commutative ring A, and any ring morphism 1 : R — A, with the property
that ¥ (s) is a unit in A for any s € S, there exists a unique ring morphism
0: S R — A such that ¢ = Opg, which means that the diagram

R —%5 +g-1pR

18 commutative.

Proof: Define 6 (ﬂ) = 1p(a)p(s)"'. The definition is correct, because if
s

¢ Z—:, then as’ = a’s, so ¥(as’) = ¢¥(a's), or ¥(a)yP(s') = ¥(a')Y(s), and

S
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so, after multiplying by 1(s) 19 (s") ™! we get ¥(a)y(s)~t = (a’)(s) L.
We check that 6 is a ring morphism:

a b at + bs
o(5+%) = o(*7)
= ¢(at +bs)(st) ™!
= (w(at)ﬂb(bé‘)) ()" tp() ™
= P(a)y(t)y () P(s)~h + ¢( Y(s)w(s) ()t
= Y(a)p(s) ™ + (b))~

= Y(ab)y(st)”"
= P(a)p(b)y(s) (1)
= P(a)y(s) (b))~
a b
=0 S)"<t
and .
6 (h’j) — p(LR)(La) " = Lxly = Lx.

We have that
Blps(a)) = 6 (1]%) — (a)p(in)~" = p(a)lx = B(a),

S0 P = fyg.
We now show that 6 is unique. If ¢’ is another morphism with the property

that ¥ = /g, we have
() - () (%)
1
- (5)7 (5)
= 0'(ps(a)f (ps(s)™"
= Pla)p(s)™

- o)
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The following corollary says that the ring of fractions is unique, up to an
isomorphism, among the rings satisfying the same universal property.

Corollary 2.5.7 If the pair (T,E), where £ : R — T sends the elements
of S to units in T, satisfies the universal property in Theorem[2.5.6, then
there exists an isomorphism 0 : ST'R — T such that Opg = &, i.e. the
diagram

R —25 »g-1pR

18 commutative.

Proof: By the universal property for (S™'R, ¢s) there exists a ring mor-
phism 6 : ST'R — T such that 6pg = ¢, and by the universal property
for (T, ¢) there exists a ring morphism ¢’ : T — S~ R such that §'¢ = pg.
It follows that 6’0pg = 6'€ = pg, and 00’ = 6ps = £. Since we also have
that Idg-1pps = ps and Idp€ = £, by the uniqueness of the morphism in
the universal property we get that 660’ = Idr and 0’0 = Idg-1p, i.e. 6 and
0’ are isomorphisms inverse to each other. |

Definition 2.5.8 If R is a domain, P is a prime ideal of R, and S = R\ P,
the ring of fractions (STR, pg) is denoted by (Rp,pp), and is called the
localization of R at the prime ideal P.

We will refer to the ring of fractions (S7!R,pg) simply as S™'R, with
the understanding that it always comes with the injective ring morphism
1 a
ps:R— SR, p(a) = —.
1r
Definition 2.5.9 If S is the multiplicative subset of Exercise v), then
we will call the ring of fractions S~ R the total ring of fractions of the ring

R.

Exercise 2.5.10 Show that the total ring of fractions of a domain R is a
field, called the field of fractions of the domain R. Because of Definition
2.5.8, the field of fractions of the domain R is sometimes denoted by Ryg ;-
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Exercise 2.5.11 If S is the multiplicative subset of Fxercise vit),
show that S™'Zg ~ Zs.

Exercise 2.5.12 If S consists of units of R, show that ST'R ~ R.

Exercise 2.5.13 i) If I is an ideal of R, show that
1= {%lacr}
5
is an ideal of ST R.

ii) If J is an ideal of ST'R, show that
_ a
J=ps'(N)={a€ R|ps(a) = € J}

s an ideal of R, and J = J°°.

i11) Show that there is a bijective correspondence between the prime ideals
of SR and the prime ideals of R that are disjoint from S.

iv) Show that if I is not prime we can have INS =0 and I # I¢°.

v) Show that a ring of fractions of a domain is also a domain.

vi) Find the mazimal ideals of Rp, where R is a domain and P is prime.

We now show that when constructing a ring of fractions, we can maximize
the set of denominators, i.e. the multiplicative set .S, in the sense that we
can assume that all divisors of elements in S are also in S.

Definition 2.5.14 We say that the multiplicative subset S is saturated if
from ST € S it follows that both s and t are in S. This means that for any
te S and s |t we get that s € S.

Exercise 2.5.15 Let S be a multiplicative set in the ring R. Then:

i)
St ={s€R|3teS, s|t}

is a saturated multiplicative set containing S, and S™'R ~ SS_altR.

it) If S = {1}, then Ssut = U(R).

i11) If P is a prime ideal in the domain R, and S = R\ P (see Ezercise
i), then S = Sgqt.

Now we see that the condition 1 € S in Definition could have been
replaced by the weaker condition that S is non-empty. In that case, we
could have defined the canonical injection by ¢(a) = 2* for s € S and
check that the definition does not depend on the element s.
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We now extend the definition of a maximal ideal as follows: if I" is a set of
ideals of the ring R, we say that M € T" is mazimal in T if it is not properly
contained in any other ideal in I'. A maximal ideal in the set of all proper
ideals of R is a maximal ideal in the sense of Definition 2.4.9] One way to
show that maximal ideals in " # (} exist is to use Zorn’s Lemma, which
says that if for any non-empty chain of ideals {I;};ca (this means that for
any 7,7 € A we either have I; C I; or I; C I;) there exists a J € T such
that I; C J Vi € A, then I' has at least one maximal element.

We illustrate the use of Zorn’s Lemma with the following result, due to
Krull. This is a device that produces prime ideals starting with multiplica-
tive subsets.

Proposition 2.5.16 Let S be a multiplicative subset in the commutative
ring R, and I an ideal of R such that INS = (). Then the set

I'={Jidealof R| ICJ, JNS=0}
has maximal elements, which are prime ideals of R.

Proof: We use Zorn’s Lemma. We have that T € T, so T # (0. If {I;}ien
is a chain in T, then J = U;ecp[; is an ideal of R, and

JNS = (Uieal;) NS = Uiea(l; N S) =0,

which shows that J € T'. Since it is clear that I; C J Vi € A, then I" has at
least one maximal element P.

We show that P is a prime ideal. It is clear that P # R because 1 ¢ P. If we
now take z,y € R such that z ¢ P and y ¢ P, we have that P C P + xR,
and so P + xR # (. Similarly, P C P + yR, and so P + yR # 0. Let
s =p1 +xay and t = ps + yas, where s,t € S and py,ps € P. Then

st = (p1 + za1)(p2 + yaz) € P,

because after expanding, the first three products have a factor in P and
the last one is a multiple of xy. We have thus found an element st € PN S,
a contradiction. |

Exercise 2.5.17 Show that any saturated multiplicative subset is the com-
plement of a union of prime ideals.
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Solutions to the Exercises on Section 2.5

Exercise i) If P is a prime ideal of R, show that R\ P has properties
MS1) and MS2).

it) If R is a domain and P is a prime ideal of R, then R\ P is a multi-
plicative set.

iii) If R is a domain, show that S = R* = {r € R | r # Ogr} is a multi-
plicative set.

w) If f € R is not a zero divisor, then S = {f* | k € N} is a multiplicative
set.

v) If R is a commutative ring, the set S = {s € R| s is not a zero divisor}
18 a multiplicative subset.

vi) Is {1,3,5} C Zg a multiplicative set?

vit) Is {1,3,5,7} C Zs a multiplicative set?

Solution: i) 1z ¢ P because P # R. If a ¢ P and b ¢ P, then ab ¢ P by
the definition of a prime ideal.

ii) follows from i) and the fact that there are no zero divisors in R.

iii) follows from ii), because {Ogr} is a prime ideal in R.

iv) 1g = f0 € 8. If k,1 € N, then fFfl = fk+l ¢ S, If ffa = ff*la = OR,
then f*~la = O since f is not a zero divisor, and we can continue until
we get a = Og.

v) 1g is not a zero divisor. It is clear that if a,b are not zero divisors, then
ab is not a zero divisor.

vi) No, 3 is a zero divisor.

vii) Yes, this is actually the set of units in Zs.

Exercise [2.5.10] Show that the total ring of fractions of a domain R is a

field, called the field of fractions of the domain R. Because of Definition

the field of fractions of the domain R is sometimes denoted by Ryq,,}-
OR a b

-1
Solution: If < # — it follows that a # Og, so (7) = —.
b ]-R b a

Exercise [2.5.11| If S is the multiplicative subset of Exercise vit),
show that S™'Zg ~ Zs.

Solution: S consists of units of Zg, see the solution to Exercise [2.5.12
below.

Exercise [2.5.12| If S consists of units of R, show that ST'R ~ R.
Solution: Both (R, Idg) and (S™'R, ¢g) satisfy the same universal prop-
erty, so the assertion follows from Corollary
This can also be proved without using the universal property: we will
e . 1 T
prove that the injective ring morphism ¢g : R — S™'R, pg(r) = 1.0
R
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an isomorphism. To do this it is enough to prove that it is surjective. Let
—1

r rs T

— € S7'R. Then pg(rs™') = —— = —, because s

S S

=rlp.
lR S=TIlR

Exercise [2.5.13|7) If I is an ideal of R, show that

e_[8
= {eer)
is an ideal of ST'R.
ii) If J is an ideal of ST'R, show that

J=s' ) ={a€ R psla) = 1~ € )
is an ideal of R, and J = J°°.
i11) Show that there is a bijective correspondence between the prime ideals
of ST'R and the prime ideals of R that are disjoint from S.
iv) Show that if I is not prime we can have INS =0 and I # I°°.
v) Show that a ring of fractions of a domain is also a domain.
vi) Find the mazimal ideals of Rp, where R is a domain and P is prime.

Solution: i) It is clear that (1) € I¢. Now if g,g € I¢, then
s

R
a b at+bs
_ J— c Ie’
* t st
because at+bs € I. Finally, if 4 € I¢and g € S7IR, then a. g = a—z eI
s s s

because ar € I.
ii) The first assertion follows from Proposition [2.2.11
We now prove

J = J. (2.1)

a a a
= 6 J, then — - — = — € J, s0 a € J° and therefore — € J°. Con-
13 S 1R S
1
versely, 1ff € J, thena € J¢, and so 1— € J. But then & = 11 Ee
S R S
iii) If P is a prime ideal of R and PN S (0, then
P ={%lac P}
s
1
is a proper ideal of S™'R. Indeed, if 1—R _ 4 e P’ thena=se€ PNS§S,
R S

a contradiction. Note that if s € PN S, then P® = S™!'R, because P®
S

contains the unit s (we say that in this case P “explodes” in S™'R). P
R
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b b
is a prime ideal, because if — a4 = a—t € P¢, then ab € P, so a € P or
s s

b
beP,ie. fEPe orgEPe.
s
Now if @ is a prime ideal of S™'R,

Q=95 (Q) =f{acR|ps(a) = % €Q)

satisfies Q¢ NS = ), because the images of elements in S through g are
units in S™!R. By Proposition i), Q° is a prime ideal of R.
If P is a prime ideal of R and PN S = (), then we have that

pee=p, (2.2)

b
because a € P = 1i € P°. Conversely, 1f — € P¢, then 1& = - € P°,
s

R
where b € P and s € S Then as =b € P, and since s ¢ P, we have that
a € P.
Now ([2.2) and ([2.1) show that P — P¢ and @ — Q¢ are bijections inverse
to each other.
iv) Take R = Z, I = 6Z, and S = {1,2,4,8,...,2",...}. Then INS = 0

3 6
and 3 € I¢¢, because 1=3 eI’ but3¢1.

v) We know that {Ogr} is a prime ideal of R, so by i) {0g}¢ is also prime.

vi) The bijective correspondences in i) preserve inclusions, so all prime
ideals in Rp are contained in P°. Indeed, if P; is a prime ideal of R such
that Py N (R\ P) =0, ie. P, C P, then Pf C P¢. If Pf is maximal, then
Pf = P¢. In conclusion, Rp has only one maximal ideal (we say it is a
"local” ring), namely P¢, which is also denoted by Pp.

Exercise [2.5.15| Let S be a multiplicative set in the ring R. Then:
i)
Ssat ={s€R|3FteS, s|t}

is a saturated multiplicative set containing S, and S~ 'R ~ S_LR.

ii) If S = {1}, then Sso = U(R).

iii) If P is a prime ideal in the domain R, and S = R\ P (see Fzercise
i), then S = Sgqt.

Solution: i) Let s1,$2 € Ssat, and t1,to € S such that s; | t; and so | ta.
Then s189 | tita € S. If s € Sgqt is a zero divisor, and s | ¢t € S, then ¢ is
also a zero divisor, a contradiction.

Let now ¢ : R — S~ 'R and ¢’ : R — S_,'R denote the canonical

injections. Since S C Sy, by Theorem [2.5.0] there exists a ring morphism
0: SR — SR, 0(%) = 4. Since 0 is clearly injective, let £ € S__}R,
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and t € S, t = sr. Then 0(%-) = &= = ¢, so 0 is also surjective.

ii) If w € U(R), then v | u if and only if v € U(R).
iii) ab ¢ P if and only if a ¢ P and b ¢ P.

Exercise Show that any saturated multiplicative subset is the com-
plement of a union of prime ideals.

Solution: We need to show that any x ¢ S belongs to a prime disjoint
from S. If z ¢ S, then zRN S = (), because S is saturated. If we take
I = xR in Proposition we get that x belongs to a maximal element,
which is a prime ideal disjoint from S.
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2.6 Polynomial rings

Recall that all rings are commutative, even if the constructions in this
section may be performed without this condition. If R is a ring, we recall
that RN is the set of all functions from N to R. If f is such a function,
we can refer to it as a sequence: f = (ag,a1,...,an,...), where a, = f(n)
for all n € N. Since (R,+) is an abelian group, we recall from Exercise

xix) that RY is an abelian group with the following operation. If
f=(ag,a1,...,an,...) and g = (bo,b1,...,bn,...), then

f—|—g:(a0—|—bo,a1+bl,...,an—|—bn,...).

Also recall that the zero element is (Og,0g,...), and the opposite of the
function (ag, a1, ...) is (—ag, —a1,...). We will introduce a new operation
on RN.

Proposition 2.6.1 If f = (ap,a1,...,an,...) and g = (bo,b1,...,bn,...),
then

fg=1(cosc1,...,¢Cny...), Cn= Z a:b;, neN

is commutative, associative, distributive with respect to addition, and has
identity element (1g,0g,0g,...).

Proof: This multiplication is obviously commutative, because the multi-
plication in R is commutative. Let

h = (co,c1,...), (fg)h = (do,d1,...,dn,...),
and

f(gh) = (60,61,...,67“...).
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We have

dn = Z ( Z aibj)cl

k+l=n i+j=k

= > D (abya

k+l=n i+j=k

= Y (aby)e

i+j+l=n

= Z ai(bjcl)

i+j+l=n

= Z Z ai(bjcl)

itk=n j+l=k

= Z ai( Z bjcl)
i+k=n j+l=k

= eTL

for all n € N, so the multiplication is associative. Now

flg+h) = (aolbo+co)..., > ailbj+cj),...)

i+j=n
= (aob0+a060,..., E aibj + E aicj,...)
1+j=n 1+j=n

= fg+[h,
so multiplication is distributive with respect to addition.
It is easy to see that (1g,0g,0g,...) is the identity element for multiplica-
tion (writing the element on position j as dp ; will make this even easier).
Definition 2.6.2 (RN, +,-) is a commutative ring. If we denote
X = (0g,15,0gr,...) (2.3)

(i.e. X : N — R is the function that sends 1 to 1gr and all the other
natural numbers to Ogr ), then we can check that

X" =(0g,...,0r,1,0R,...), n times Or in the beginning,

and an element f = (ag,a1,...,an,...) can be written as

f = iaiXiv
=0
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where X = 1r. We will call f a formal series (or formal power series),
and the elements a; the coefficients of the series f. We call ag the free term
or the constant term of f. We will denote

R[[X]] = R",

and we will call it the ring of formal series in one indeterminate with coef-
ficients in R. We will call the injective ring morphism

¢: R— R[[X]], ¢(a)=(a,0g,...)
the canonical injection.
Exercise 2.6.3 Check that the canonical injection

¢: R— R[[X]], ¢(a)=(a,0g,...)
18 an injective ring morphism.

Remark 2.6.4 Note that it does not make much sense to call X a “vari-
able” (even though you might see it called this way in some texts), because it
does not vary, it does not take any values. In fact, X is a function defined
on N with values in R, and its definition is given in .

Definition 2.6.5 A formal series with only finitely many nonzero coeffi-
cients is called a polynomial. The sum and product of two polynomials are
also polynomials, so the polynomials form a subring of R[[X]], denoted by
R[X]. It is clear that the canonical injection o takes values in R[X]. If we
identify Or by ©(Or) and 1r by ¢(1gr), then Og;x) = Or and 1gx) = 1g.
We call R[X] the polynomial ring in one indeterminate with coefficients in
R. Note that R[X] always comes with ¢ : R — R[X], which gives a way
of regarding elements of R as polynomials (called constants).

Exercise 2.6.6 Check that R[X] is a subring of R[[X]].

A polynomial f € R[X] may be written uniquely as
f=ao+mX+aX?>+.. . a, X",

where a; X* = p(a;)X* = (Og,...,0g,a;,0g,...), i times O in the begin-
ning.

Exercise 2.6.7 Why are the coefficients of a polynomial unique?
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A polynomial of the form aX? is called a monomial. A formal series is a
formal sum of monomials, and a polynomial is a (finite) sum of monomials.

Definition 2.6.8 If f € R[X], f # Og, then f may be written uniquely as
f :a0+a1X+a2X2—|—...anX", [e2% #OR

We call n the degree of f, and we write deg(f) = n (in this case a, is
called the leading coefficient of f). Note that the zero polynomial does not
have a degree.

Exercise 2.6.9 Let f,g € R[X], f,g # Or. Then, if f + ¢ and fg are
nonzero, we have:

i) deg(f + g) < max{deg(f),deg(g)}. Give an example when we have =
and an example when we have <.

ii) deg(fg) < deg(f) + deg(g). Give an example when we have = and an
example when we have <.

Exercise 2.6.10 i) Show that f € R[X] is a zero dwisor if and only if
there exists a € R, a # Or such that af = Og.
it) Find the zero divisors of degree 2 in Zg[X].
iii) If R is a domain, then R[X] is a domain.

Exercise 2.6.11 An element a € R is called nilpotent if there exists n € N
such that a™ = 0g.

i) Show that the set of nilpotent elements in R is an ideal, called the nil-
radical of R, and denoted by N(R).

it) Find the nilpotent elements in Z1s.

i11) Show that f € R[X] is nilpotent if and only if all its coefficients are
nilpotent.

iv) Find the nilpotents of degree 1 in Z12[X].

Exercise 2.6.12 i) Show that if u is a unit and x is nilpotent, then u+ x
15 a unit.

ii) Show that f € R[X] is a unit if and if only the constant term ag s a
unit in R and the other coefficients are nilpotent.

i11) Find the units of degree 1 in Z12[X].

i) If R is a domain, the units in R[X] are the units in R.

v) If F is a field, the units in F[X] are the nonzero constants.

Like the factor set, the factor group, the factor ring, and the ring of frac-
tions, the polynomial ring also satisfies a universal property.
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Theorem 2.6.13 Let R be a commutative ring, R[X] the polynomial ring,
and ¢ : R — R[X] the canonical injection. Then for any commutative
ring A, any ring morphism ¥ : R — A, and any v € A, there exists a
unique ring morphism 0 : R[X] — A such that 0(X) = x and 0p =1, i.e.
such that the diagram

R —f2—R[X]

1s commutative.

Exercise 2.6.14 Prove J;heorem w B

(Hint: If f € RIX], f =Y ;X' = @(a;) X", put 0(f) = > _(a;)z".)
i=0

i=0 =0

The universal property may be used to produce new examples of rings. If
we take R = Z, A = C, ¢ : Z — C the inclusion, and z = i, we denote

Im(0) by Zli], and call it the ring of Gauss integers. Using the fact that
2

1* = —1, we have
Z[i| ={a+bi|a,beZ}.
Now take R = Z, A = C, 1 : Z — C the inclusion, and = = iv/3. We
denote Im(0) by Z[iv/3]. Using the fact that (iv/3)? = —3, we have
Z[ivV3] = {a+ biv3 | a,b € Z}.
If we take R = Z, A = R, 9 : Z — R the inclusion, and z = /2, we
denote Im(6) by Z[v/2]. Using the fact that (v/2)? = 2, we have

ZIV2] = {a+bV2 ]| a,b e Z}.

Exercise 2.6.15 Show that Z[i], Z[iv/3], and Z[\/2] are domains, and that
their fields of fractions are (in order):

Q) ={a+0bi|a,beQ},
Q(zx/g) ={a+ biv/3 | a,b € Q},

and

Q(V2) = {a+bV2|a,b e Q}.
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The following result is a partial version for rings of Proposition [1.1.14] and
Proposition [I.5.9}

Proposition 2.6.16 Let f : R — R’ be a morphism of commutative
rings. Then the following assertions hold:

i) f is injective if and only if given any commutative ring A, and ring mor-
phisms g, h : A — R such that fg = fh, it follows that g = h.

it) If f is surjective, then given any commutative ring A, and ring mor-
phisms g, h : R — A such that gf = hf, it follows that g = h.

Proof: i) If f is injective, the condition holds by Proposition or
Proposition[I.5.9] Conversely, assume that the condition holds and x1, x5 €
R are distinct elements such that f(z1) = f(x2). We take A = R[X], and
use Theorem to find ring morphisms g,h : R[X] — R such that
9(X) =21 and h(X) = x9. Then g # h, but fg = fh, a contradiction.
Iii)mIf f is surjective, the condition holds by Propositionor Proposition
|

Remark 2.6.17 The converse of Proposition|2.6.16ii) is false, because the
inclusion f : Z — Q satisfies the condition, but is not surjective. Indeed,
if A is a commutative ring, and g,h : Q — A such that gf = hf, let

%6(@. Then
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so g = h.

Another application of the universal property is the definition of a poly-
nomial function. If a € R, by the universal property there exists a ring
morphism 6 : R[X] — R such that 0(X) = a. If f € R[X], we will denote
0(f) by f(a) (when we do this we say that we specialize X to a). In this
way, the polynomial f defines a function f : R — R, f(m) = f(z) for
zre€R If f=ay+am X +axX?+...a,X", we have that

f(2) = f(x) = ap + a1z + asx? + ... a,z™.

Note that in this notation, z is a variable, it can be any element of R.
For polynomial functions, unlike polynomials, it is no longer true that if
f = Ogr (the constant function Og) then all coefficients are also equal to
zero. An example is the polynomial function associated to the polynomial
f = X%+ X € Zy[X]. The associated function is f : Zy — Zy, f(z) =
22+ for £ € Zy. Then f(0) = 02+0=0,and f(1) =12+1=1+1=0,s0
f =0, even though f # 0. As we will see later (look after Exercise ,
this cannot happen if R is an infinite domain. Note that in general f is a
function from N to R, while f is a function from R to R (or from A to A,
where A is a ring to which we have a ring morphism from R). Sometimes
the polynomial functions are called simply polynomials. For example, the
“polynomials” studied in high school are in fact polynomial functions.

Exercise 2.6.18 Let I be an ideal of R. We denote by IR[X] the ideal of
R[X] generated by the set I:

IRX]={a1fi+...+arfr | k>1,a; €I, fi € R[X],1 <i < k}.

i) Show that IR[X] is an ideal of R[X].
ii) Show that R[X]/(IR[X]) ~ (R/I)[X].
iii) If P is a prime ideal of R, show that PR[X] is a prime ideal of R[X].

Exercise 2.6.19 Let R be a commutative ring, h € R not a zero divisor,
and S = {1,h,h? ...}. Then

ST'R ~ RIX]/((hX — 15)R[X]),

where (hX — 1r)R[X] denotes the principal ideal of R[X] generated by
hX — ]-R"
(hX —1p)R[X] = {(hX —1r)[f | f € R[X]}.

Definition 2.6.20 If F is a field, the field of fractions of the domain F[X]
is denoted by F(X) and is called the field of rational fractions in one inde-
terminate with coefficients in F'.
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Exercise 2.6.21 Show that the field of fractions of the domain Z[X] is
Q(X).
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Solutions to the Exercises on Section 2.6l
Exercise Check that the canonical injection

¢: R — R[[X]], ¢(a)=(a,0g,...)

18 an injective ring morphism.

Solution: We have p(a +b) = (a+b,0g,...) = (a,0r,...)+ (b,0p,...) =
w(a) + ¢(b), and ¢(ab) = (ab,0g,...) = (a,0r,...)(b,0r,...) = @(a)p(b).
It is also clear that ¢(1r) = (1r,0r,...) = lg[x7, and Ker(¢) = {Or}, so
 is injective.

Exercise Check that R[X] is a subring of R[[X]].

Solution: Clearly (1g,0r,...) € R[X]. If f,g € R[X], assume that the
coefficients of X* in f and g are zero for k > n. Then the coefficient of X*
in f+ g is zero for k > n, and the coefficient of X* in fg is zero for k > 2n.

Exercise Why are the coefficients of a polynomial unique?
Solution: A polynomial is a function defined on N with values in the ring
R. The coeflicients of the polynomial are the values of the function.

Exercise Let f,g € R[X], f,9 # Or. Then, if f + g and fg are
nonzero, we have:

i) deg(f + g) < max{deg(f),deg(g)}. Give an example when we have =

and an example when we have <.

ii) deg(fg) < deg(f) + deg(g). Give an example when we have = and an

example when we have <.

Solution: Let f =ag+a1 X +...+a, X", and g =bg+ 01 X +...+b,, X™,

where a,, b,, are nonzero.

i) The coefficient of X* in f+g is equal to ay, + by, so if k > max{n, m} it is

zero. If f = X, g =1 € R[X], then f4+¢g = X +1 has degree 1 = maz{1,0}.

If f=-X+4+1,9g=X € Zy[X], then f+ g =1 has degree 0 < maz{l,1}.

ii) The coefficient of X* in fg is equal to Z aib;, so if k > n 4+ m it
itj=k

is zero. If f = X,g =1 € R[X], then fg = X has degree 1 =1+ 0. If

f=2X 41,9 =2X € Z4[X], then fg = 2X has degree 1 < 1+ 1.

Exercise i) Show that f € R[X] is a zero divisor if and only if
there exists a € R, a # Or such that af = Og.
it) Find the zero divisors of degree 2 in Zg[X].
iii) If R is a domain, then R[X] is a domain.
Solution: i) (Scott) Let f = ag+a1 X +...4a, X™. Assume that fg = Op,
g # Or, deg(g) = m and m is the least possible. If g = by + b1 X + ... +
by X™, then a,b,, = Og, and since f(a,g) = Og it follows that a,g = Og
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by the minimality of m. We now write Ogr = fg = a, X"g + an_1 X" g+
...+ a1 X9+ apg, and since a,g = Or, we get a,,_1b,, = Or, and so again
an—19 = Or by the minimality of m. We continue until we get a;,g = Og for
1 =0,...,n, which means b,, f = Og, i.e. m = 0. The converse implication
is obvious.

i) If f =aX?+bX +c € Zg, a # 0, is a zero divisor, by i), there is a
d # 0 in Zg such that ad = bd = cd = 0. If d = 2 or d = 4, we have that
a=3,bis0or 3, and ¢ is 0 or 3, so in this case we have 1-2-2 = 4
polynomials: 3X2,3X2%2 43, 3X2 43X, and 3X2+3X +3. If d = 3 we have
that ais 2 or 4, bis 0 or 2 or 4, and c is 0 or 2 or 4, so in this case we have
2-3-3 = 18 polynomials: 2X2, 2X2+2, 2X24+4,2X?+2X,2X?+2X +2,
2X2 42X +4,2X?2+4X,2X%2 44X +2,2X%2 44X +4, 4X2, 4X? + 2,
4X244,4X%2 42X, 4X°% 42X +2,4X% 42X +4,4X%2 44X, 4X? +4X + 2,
and 4X? +4X + 4.

iii) This is easy, it does not require the use of i): if f and g are nonzero
polynomials, a,, # 0g and b, # Og are their respective leading coefficients,
then a,b,, # Og is the leading coefficient of fg.

Exercise An element a € R is called nilpotent if there exists n € N
such that a™ = Og.

i) Show that the set of nilpotent elements in R is an ideal, called the nil-
radical of R, and denoted by N'(R).

i1) Find the nilpotent elements in Z1s.

iii) Show that f € R[X] is nilpotent if and only if all its coefficients are
nilpotent.

iv) Find the nilpotents of degree 1 in Z12[X].

Solution: i) It is clear that Op is nilpotent, and if ¢ = Og, then (ax)” =
az™ =0g for any z € R. If a™ = 0 and 0™ = Og, then by Exercise [2.1.2
iv) we have that (a + b)¥ = 0g for any k > n + m.

ii) It is easy to see that if a € Z;5 is nilpotent, then a has to be divisible
by both 2 and 3, so 6 and 0 are the only nilpotent elements in Z1s.

iii) Let f =ao+ a1 X + ...+ a, X™. Assume that a; € N(R) C N(R[X])

for 0 <i < n. Then a;X* € N(R[X]), so f = ZaiXi € N(R[X]). Con-
i=0

versely, assume f € N(R[X]), f* = Or. Then the leading coefficient of f*
is a® = 0g. So a, € N(R) C N(R[X]), and therefore a, X" € N(R[X]).
Thus f — a, X" € N(R[X]), and we can continue until we get ag € N (R).
iv) By iii), a nilpotent polynomial of degree 1 in Z;2[X] is of the form
aX + b, where a,b are nilpotent and a # 0. By ii) we get that a = 6 and
b=0or b=6. In conclusion, there are two nilpotent polynomials of degree
1in Z12[X]: 6X and 6X + 6.



2.6. POLYNOMIAL RINGS 113

Exercise i) Show that if u is a unit and x is nilpotent, then u + x
15 a unit.

ii) Show that f € R[X] is a unit if and only if the constant term ag s a
unit in R and the other coefficients are milpotent.

iit) Find the units of degree 1 in Z12[X].

i) If R is a domain, the units in R[X] are the units in R.

v) If F is a field, the units in F[X] are the nonzero constants.

Solution: i) Since u+z = u(1+u~1x) and u~'x is nilpotent, we can assume
u=1Ifz2"=0,then1=1—(—2)"=(1+2) (1 —2+...+(—2)" 1) so
1+ x is a unit.

ii) Let f =ap+a1 X +...+a,X". Assume that ag € U(R) and a; € N(R)
for 1 <i < n. We have that a;X* € N(R[X]) and ap € U(R) C U(R[X]),
so by i) f € U(R[X]). Conversely, let g =by+ 01 X +...+b,, X™, fg = 1g.
We have apbg = 1g, so ag € U(R). Then apb,, = Og and a,b,—1 +
Gn, by, = Ogr. Multiplying the second equality by a, and using the first,
we get a2b,,_1 = Or. We continue until we get a*'by = Or, and since
bo is a unit we get that a, is nilpotent. Now a,X™ is also nilpotent, so
ap+a X +...+apn1 X" ' =f—qa,X"is a unit by i). We continue as
before until we get that a,,_1,...,a; are nilpotent.

iii) By ii), a unit of degree 1 is of the form aX + b, where b € Ujy =
{1,5,7,11} and a # 0 is nilpotent, i.e. a = 6. In conclusion, there are four
units of degree one in Zjs[X]: 6X + 1, 6X +5, 6X + 7, and 6X + 11.

iv) A domain does not have any nilpotent elements different from zero.

v) The units in a field are all nonzero elements.

Exercise 2.6.14] Prove T heorem .
(Hint: If f € R[X ZalXZ Zgﬁ a;)) X, put 0(f Zd) a;)x

Solution: We check that the map 9 defined in the hint 1s a ring mor-
phism that takes X to z and satisfies 8p = . First, 8(p(a)) = ¥(a)
for a 6 R, so 9@ ¥ and in particular §(1g) = 14. If ¢ € R[X],

g= Z b; X? Z (b (here n is actually the maximum of deg(f) and

deg( ), and we complete with zero coeflicients the polynomial of smaller
degree), then
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and

0(fg) =D (> ajbe)a’ = > wlay)(be)z’ = 0(f)6(g)-

i=0  jtk=i i=0 j+hk=i

To prove uniqueness, let #’ be a ring morphism that takes X to x and
satisfies ¢’ = 1. Then

0(f)=0(>_ela)X) =" 0'p(a:)f(X) =Y d(ai)x’ = 0(f).
=0 1=0 1=0

Exercise Show that Z[i], Z[iN/3], and Z[/2] are domains, and that
their fields of fractions are (in order):

Q@) = {a+bi|a,beQl,
Q(iV3) = {a+ biv3 | a,b € Q},

and

Q(V2) = {a+bv2]|a,beQ}.

Solution: Z[i] and Z[iv/3] are subrings of C, and Z[v/2] is a subring of R,
so they are all domains (a subring of a field is a domain).

If a + bi € Z[i], we denote by N(a + bi) = (a + bi)(a — bi) = a® + . We
have a + bi = 0 < N(a+bi) =0 < a = b = 0 (because if b # 0, then
i =ab~! € Q, a contradiction). If we denote by K the field of fractions of

Z[i], then we have
a+bi ,
{c+di c+d2750}

(a+ bi)(c — di) )
{(c+di)(cdi)c+d”é0}
B {(ac—l—bd)-i—(bc—ad)i
B c2 4 d?
ac+bd be—ad.
= {c2+d2+62+d2102+d27&0}
— {a+bilabeQ}=Q)

If a + bi € Z[i\/3], we denote by N(a + biv/3) = (a + biv/3)(a — biv/3) =
a® 4+ 3b%. We have a4+ biv/3 =0« N(a+biv3) =0 < a=0b =0 (because

K

c+di#0}
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if b # 0, then iv/3 = ab~! € Q, a contradiction). If we denote by K the
field of fractions of Z[iv/3], then we have

atbiv3
c+div3
(a+biv3)(c — diV3)
(¢ +div3)(c — div/3)
(ac + bd) + (b — ad)iv/3
c? + 3d?
ac + bd bec — ad . 5 2
- {c2j3d2 t a3 T 7&0}
= {a+0iV3]a,beQ}=Q(iV3)

If a + bv2 € Z[V?2], we denote by N(a + bv/2) = (a + bv/2)(a — bV/2) =
a? —2b%. We have a +bv/2 =0 < N(a+bv/2) =0 < a=b =0 (because
if b # 0, then v/2 = —ab~! € Q, a contradiction). If we denote by K the
field of fractions of Z[/2], then we have

B a+bv2
K {c—i—d\/ﬁ
_ {(a+b\/§)(c—d\/§)
(
(

K =

c+di\/§7é0}

c+dz‘x/§7éo}

c+di\/§7é0}

c—l—d\@;ﬁO}

et dva) (e dvD) c+d\/§750}

B ac+ bd) + (bc — ad)v/2
N 2 —2d?

c+dﬁ#0}

ac+ bd bc —ad 9 9
- {022d2+c22d2\/§c - 7&0}

{a+bV2]a,beQ} =Q(V2)

Exercise Let I be an ideal of R. We denote by IR[X] the ideal of
R[X] generated by the set I:

IR[X]:{alfl—i-—‘rakfk|k21,a161,fz€R[X],1§l§k}

i) Show that IR[X] is an ideal of R[X].

i) Show that R[X]/(IR[X]) ~ (R/I)[X].

iii) If P is a prime ideal of R, show that PR[X] is a prime ideal of R[X].
Solution: i) See Exercise [2.2.8]



116 CHAPTER 2. RINGS

ii) We have that f € IR[X] < all coefficients of f are in I. Let 6 : R[X] —
(R/I)[X] be the ring morphism (from the unlversal property of polynomial

rings) that sends X to X. If f € R[X], f = Za X', 0 Z(ai—i-I)X .
=0

It is clear that 6 is surjective, and f € Ker( ) & f € IR[X]. The result

follows from Corollary [2.3.9]

iii) P is prime = R/P is a domain = (R/P)[X] is a domain = PR[X] is

prime.

Exercise |2.6.19| Let R be a commutative ring, h € R not a zero divisor,
and S = {1,h,h?,...}. Then

ST'R ~ RIX]/((hX —1r)R[X]),

where (hX — 1r)R[X] denotes the principal ideal of R[X] generated by
hX — ]-R"
(hX — 1p)RIX] = {(hX — 1p)f | f € RIX]}.

Solution: Let # be the ring morphism (from the universal property of
1
polynomial rings) 6 : R[X] — S7'R, §(X) = FR' It is clear that 6 is

surjective, since % =0(aX"). Tt is also clear that (Xh — 1g) C Ker(6).

Let now f € Ker(0), f = Za X, Tt follows that agh™ + a h™ 1 + .

an—1h + a, = Or. Then fh” = fh" — (aph™ + a1h" ' + ...+ ap_1h +

n—1

an) = (Xh —1g)g, where g = Z b; X" € R[X]. We identify coefficients in

i=0

fh™ = (Xh — 1g)g starting with the free term, and we get agh™ = —by,
ie. bg = —h"ag. Then a1h® = —aoh™tt — by, so by = h™c; for some
c1 € R. We continue and find that b; = h"¢; for 0 < i < n —1, ie
g = h"e. We get h"(f — (Xh — 1g)e) = Ogr. Since h is not a zero divisor
in R, it follows that h™ is not a zero divisor in R, hence in R[X], and so
f=(Xh—1gr)e € (Xh —1R). We proved that Ker(f) = (Xh — 1g), and
the assertion follows from Corollary

Exercise Show that the field of fractions of the domain Z[X] is

Q(X).
Solution: The field of fractions of Z[X] is clearly contained in Q(X). To

check the reverse inclusion, take i, where f,g € Q[X], g # 0, and write
g
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f_m . : : .
; = mig’ where m is a common multiple of all denominators of coefficients
of f and g.
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2.7 Symmetric polynomials

Recall that all rings in sight are commutative. We start this section by
considering polynomials in more than one indeterminate. It should be clear
(after thinking about it for a moment), that the letter we used to denote
the indeterminate does not matter. In other words, if R is a commutative
ring, then the polynomial ring in one indeterminate with coefficients in R
can be denoted by R[X] or R[Y], which actually represent the same object:
the set of functions of finite support from N to R, which becomes a ring
with the operations defined in Definition Alternatively, we can show
that R[X] and R[Y] are isomorphic using Theorem[2.6.13} the isomorphism
is the unique ring morphism from R[X] to R[Y] which acts as the identity
on R and sends X to Y. If we start now with the commutative ring R, form
the polynomial ring R[X] in one indeterminate with coefficients in R, then
form the polynomial ring in one indeterminate with coefficients in R[X],
R[X][Y], is it clear that this is the same thing (or at least isomorphic to)
R[Y][X]? If this is clear, then we will denote this ring by R[X,Y] and we
will call it the ring of polynomials in two indeterminates with coefficients
in R. If this is not clear, we can define recurrently the ring of polynomials
in n indeterminates with coefficients in R by using induction and the next
result:

Proposition 2.7.1 If R~ S as rings, then R[X] ~ S[X] as rings.
Exercise 2.7.2 Prove Proposition [2.7.1}

Definition 2.7.3 We can now use induction and Proposition |2.7.1| in or-
der to define the polynomial ring in n indeterminates with coefficients in R
as:

R[leXQa s 7X’n] = R[X17X27 cee 7X’n71][Xn]7

form > 1. We denote by ¢ : R — R[X1, Xa,...,X,] the composition of
the n canonical injections, and we also call it the canonical injection.

The ring of polynomials in n indeterminates with coefficients in R satisfies
the following universal property, which can be proved using induction on n

and Theorem 2.6.13}

Theorem 2.7.4 Let R be a commutative ring, R[X1, Xa, ..., X,] the poly-
nomial ring in n indeterminates with coefficients in R, and ¢ : R —

R[X1,Xa,...,X,] the canonical injection. Then for any commutative ring
A, any ring morphism ¢ : R — A, and elements xz; € A, 1 < i < n,
there exists a unique ring morphism 0 : R[X1, Xa,...,X,] — A such that

0(X;) =z, 1 <i<mn, and p =, i.e. such that the diagram
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R —2—R[X1, Xs,..., X,]

n 0

1s commutative.

Definition 2.7.5 We call aX™ X}2 ... X! € R[X|, Xs,...,X,] a mono-
mial, and the natural number k1 + ko + ... + k,, its degree.

It can be shown that a polynomial f € R[X;, Xo,..., X,] can be written
uniquely as a sum of monomials. The maximum degree of these monomials
is called the degree of f and is denoted by deg(f).

Definition 2.7.6 A polynomial f € R[X1, Xa,...,X,] is called homoge-
neous if all monomials in the decomposition of f as a sum of monomials
have the same degree (which has to be deg(f)).

We now define symmetric polynomials.

Exercise 2.7.7 If R is a ring, the set
Aut(R) ={f: R— R f is a ring isomorphism}
18 a group under the composition of functions.

Definition 2.7.8 We say that the group G acts as automorphisms on the
ring R if there exists a group morphism G — Aut(R), which is called an
action of G on R. If this is the case, the image of g € G through the action
will send the element a € R to a? € R, and we denote by

R ={a € R|a? =a, Vg € G}.

Exercise 2.7.9 If the group G acts on the ring R as automorphisms, R
is a subring of R. (We call it the ring of invariants).

We can use Theorem to define an action of the symmetric group S,
on the polynomial ring R[X1, Xo,...,X,]. We do this as follows: after
we fix 0 € S, we take in Theorem A = R[X1,Xa,..., Xy, [ = ¢,
and r; = X,(;) for 1 <4 < n. We obtain a ¢, that defines the action by

fa zeo(f)
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Definition 2.7.10 The elements of R[X1, Xo,..., X,]%" are called sym-
metric polynomials.

The following symmetric polynomials are called the fundamental symmetric
polynomials:
S1 :Xl +X2++Xn

so=X1Xo+ X0 X5 +...+X,1X,
53 = X1 Xo X3+ X1 Xo Xy + ...+ X, 20X, 1 X,

Sn—1 =X1X2...Xn_1—|—X1X2...Xn_2Xn+...X2X3...Xn
Sn :XngXn

We note that the fundamental symmetric polynomials are homogeneous,
and deg(sg) =k, 1 <k <n.

We prove now the fundamental theorem of symmetric polynomials:

Theorem 2.7.11 Every symmetric polynomial f € R[X1, Xo,..., X,]%"
can be written uniquely as a polynomial of the fundamental symmetric
polynomials, i.e. there exists a unique g € R[X1, Xoa,...,X,] such that
f=g(s1,82,...,5n).

Proof: Note that g(s1,s2,...,5,) = 0(g), where 0 : R[X;, Xo,..., X,,] —
R[X1,X2,...,X,] is the unique ring morphism (obtained from Theorem
that is the identity on R and sends X to si, 1 < k < n. In terms of
0, the two assertions of the theorem are:

i) 0 is injective.

i) Im(0) = R[X1, Xo,..., X,]%".

We define the lexicographical order on N™ as follows: we say that

(/ﬁ,kz,...,kn) > (11,127...,ln)
if k; > I; for the first 4 for which they differ.

We first prove i). Let f € Ker(0), f # 0. It follows that f is a finite sum
of monomials, of which at least one is not 0. To each of these monomials,
which are of the form aXf1X§2 ... Xk we associate the element

(k1 +ka+ ...+ Ekn kot ks+...4+kn, o kno1+kn,kn) € N,

which we also use to denote the greatest such element in the lexicograph-
ical order. Then, in the polynomial 6(f) = f(s1,s2,...,8,), the nonzero
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monomial g X 1Rt Fhn xhatkat Ak | xkn hag the greatest associated

n-tuple in the lexicographical order and so it will not cancel with any other
monomial. In other words, 6(f) # 0, and we proved 1).

Now we prove ii). It is enough to assume that f is a homogeneous symmetric
polynomial, as its homogeneous components also have to be symmetric.
After proving ii) for the homogeneous components of f we can take the
sum of the g-s as the final g for f. We write f as a sum of monomials of
the form aXleé€2 ...XFn and we pick the monomial with the property
that (ki, ko, ..., kn) € N™ is the greatest in the lexicographical order. It is
clear that we have that ky > ko > ... > k,,, because f is symmetric, and if

ki < ki1, then the monomial a X' X452 .. .Xfi“ij_l ... X} has

(kl,kg,...,ki+1,k‘i,...,kn) > (kl,kg,...,ki,ki_;,_l,...,kn).

Then we consider the polynomial f — ast*™*2sk2=ks _ gkn  This is also a

symmetric polynomial, of the same degree as f (if it’s not 0), and in it the
monomial with the greatest n-tuple in the lexicographical order cancelled.
We repeat the procedure, which will end after a finite number of steps,
and we get that our g is the sum of the monomials a X' ~*2 X52~Fs | xkn
considered in each step. |

The proof of Theorem [2.7.11] provides an algorithm that we can use to write
a symmetric polynomial as a polynomial of the fundamental symmetric
polynomials. We show how this works by writing f = X{ + X3 + X? X, +
X1X2 as a polynomial g of the fundamental symmetric polynomials s; =
X1 + X5 and so = X1 Xs.

We have that f is a sum of two homogeneous polynomials, f = f; + fo,
where f; = X{ 4+ X3, and fo = X? X5 + X1 X3.

We first write f;, which is homogeneous of degree 4, as a polynomial of s;
and sy. The greatest pair in the lexicographical order in N? is (4,0). We
write all pairs (ki, ko) with k1 > ko and ky + ka = 4. They are:

(4,0) > (3,1) > (2,2).
Then there exist integers A, B such that
f1— sil - As?_lsé — Bs%_zsg =0.

In order to find A, B we plug in values for X; and X5, and solve the linear
system with two unknowns and two equations:

X, Xo s1 s2 fi fi— 3‘11 - AS%SQ - Bs% =0
1 1 2 1 2 —-14—-4A—-B =0
2 1 3 2 17 —64 — 184 —-4B =0
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We solve the system and find A = —4 and B = 2. Therefore, we have that
f1=g1(s1,82) = s1 — 45785 + 252,
so g1 = X{ —4X? X, +2X3.

We now write fo, which is homogeneous of degree 3, as a polynomial of s;
and sy. The greatest pair in the lexicographical order in N? is (2,1). Since
there are no other pairs (k1, ko) with k1 > ko and k; + ko = 3 such that
(2, 1) > (khkg), it follows that fg = g2(51,$2) = S$1S89, and g2 = X1 Xs.

In conclusion, f = g(s1,82) = s] — 4878 + 253 + 5182, 50 g = g1 + g2 X{ —
4X2X5 +2X3 + X1 Xs.

Exercise 2.7.12 Write each of the following polynomials as a polynomial
of the fundamental symmetric polynomials.

i) (X} + X3) (X7 + X3)(X3 + X3)

i) X2Xo + X1X3 + X2 X5+ X1 X3 + X3X3 + Xo X2
i) (X1 + Xo + X3)(X? + X3 + X32)

w) Xi 4+ X5 4+ X3 — 4(X7 X2 X3 + X1 X5 X3 + X1 Xo X3)
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Solutions to the Exercises on Section

Exercise Prove Proposition[2.7.1}

Solution: Suppose f : R — S is a ring isomorphism, and denote by
¢ : R — R[X] and ¢’ : S — S[X] the canonical injections. We let ¢
denote the ring morphism sending X to X obtained by applying Theorem
to the following diagram:

R —%—R[X]
@'of 0
S[X]

We have that 6 o o = ¢’ o f. Now we let 6’ denote the ring morphism
sending X to X obtained by applying Theorem [2.6.13] to the following
diagram:

s —2 gx]
pof” o'
R[X]

We have that 6’ o ¢’ = @ o f~1, and therefore

o0fop = 0oy of
= goftof
= ¥

so Idgx) = 0" 0 0 by the uniqueness of the morphism in Theorem [2.6.13
applied to the following diagram.

R —%—R[X]
"2} IdR[X] :9/09
R[X]

The fact that Idppx) = 0 o ¢ is proved similarly.
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Exercise If R is a ring, the set
Aut(R) ={f : R R|f is a ring isomorphism}

18 a group under the composition of functions.

Solution: The composition of two ring isomorphisms is a ring isomor-
phism, composition of functions is associative, Idg is a ring isomorphism,
and the inverse of a ring isomorphism is also a ring isomorphism. Note that
the group Aut(R) is not necessarily abelian if R is commutative.

Exercise If the group G acts on the ring R as automorphisms, R®
is a subring of R. (We call it the ring of invariants).

Solution: It is clear that 1z € R®, because every ring morphism sends
the identity to the identity. Then, if a,b € R®, we have that (a — b)9 =
ad —b? =a—b, and (ab)? = a9b9 = ab.

Exercise [2.7.12| Write each of the following polynomials as a polynomial
of the fundamental symmetric polynomials.

i) (XF + X3)(XT + X3)(X3 + X3)

i) X3 Xo + X1X3 + X7 X35+ X1X3 + X3 X5 + Xo X3

i) (X1 + Xo + X3) (X7 + X3 + X3)

w) Xt + X5+ X§ — 4 X2 XoX5 + X1 X2 X3 + X1 X2X3)

Solution: We only give a detailed solution for i), then give the answers
for ii), iii), and iv).

i)We have to write f = (X? + X2)(X? + X2)(X2 + X2), which is homo-
geneous of degree 6, as a polynomial of s1, so, and s3. The greatest triple

in the lexicographical order in N3 is (4,2,0). We write all pairs (ki, ko, k3)
with k1 > ko > ks and k1 + ko + k3 = 6. They are:

(4,2,0) > (4,1,1) > (3,3,0) > (3,2,1) > (2,2,2).
Then there exist integers A, B, C, D such that
f —s3s3 — AsSs3 — Bs3 — Cs18983 — Ds3 = 0. (2.4)

In order to find A, B,C, D we plug in values for X7, Xo, and X3, and
solve the linear system with four unknowns and four equations:

X1 Xo X3 s1 s2 sz f (2.4)

1 1 0 2 1 0 2 —-2—-B=0

2 -1 -1 0 -3 2 50 504+ 27B —4D =0
1 -2 -2 -3 0 4

1 -1 -1 -1 -1 1

200 200+ 1084 —-16D =0
8 7T+A+B-C-D=0
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We solve the system and find A = -2, B = =2, C = 4, and D = —1.
Therefore, we have that

2.2 3 3 2
f=91(81,52) = s7s5 — 25753 — 255 + 4515253 — 535.
11) S182 — 383

iii) 53 — 25159
iv) st — 45259 + 253
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Chapter 3

Arithmetic in rings

3.1 Divisibility

From now on we assume that all rings are domains. The following definition
is inspired by Definition [1.2.2

Definition 3.1.1 Given a domain R, and a,b € R, we say that a divides b
(or a is a factor of b, or b is a multiple of a, or b is divisible by a) if there
exists ¢ € R such that b = ac. If a | b and b | a, we say that a and b are
associated in divisibility, and we write a ~g b.

Compare the following exercise to Exercise [1.2.3

Exercise 3.1.2 Prove the following:

i) lg | a for alla € R.

it) a | Og for all a € R.

iii) If a | b and b | ¢, then a | c.

) Ifa|b and ¢ | d, then ac| bd.

v) Ifa| b and a|c, then a | ub+ ve for all u,v € R.
vi) a | 1g if and only if a € U(R).

vig) If a ~q b, then a = ub for some u € U(R).

Definition 3.1.3 Given a domain R, and a,b € R, we say thatd € R is a
greatest common divisor of a and b (we write d = (a,b)) if the following
two conditions are satisfied:

i)d|a and d|b.

it) if ¢| a and ¢ | b, then c| d.

Tt is clear that (a,0g) = a for all a € R, in particular (Og,0r) = Og.

127
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Exercise 3.1.4 Ifd; = (a,b) and dy = (a,b), then dy ~4 da, i.e. di = uds
for some u € U(R).

The following definition is inspired by Definition [1.7.15

Definition 3.1.5 If R is a domain and a,b € R, we say that m is a least
common multiple of ¢ and b (and we write m = [a,b]) if the following
conditions hold:

i)a|m andb|m.

it) If a | n and b | n, then m | n.

Tt is clear that [a,0g] = Og for all a € R, in particular [Og,0g] = Og.

Exercise 3.1.6 If m; = [a,b] and mg = [a,b], then mq ~gq ma, i.e. my =
umg for some u € U(R).

Compare the following to ii) and iii) of Exercise[1.7.19

Exercise 3.1.7 i) If the ideal generated by a and b is principal, generated
by d, then d = (a,b).

it) If the intersection of the principal ideals generated by a and b is principal,
generated by m, then m = [a, b].

The next result shows that the existence of a least common multiple implies
the existence of a greatest common divisor, and that if both a least common
multiple and a greatest common divisor exist, they are connected as we

expect them to be (see Exercise [1.7.16)):

Proposition 3.1.8 If R is a domain, a,b € R,and [a,b] exists, then (a,b)
also exists, and we have ab = (a,b)[a,b]. (Note that since the greatest
common divisor and the least common multiple are not unique, this equality
simply means that there exist a greatest common divisor and a least common
multiple of a and b whose product is ab.)

Proof: We can assume that both a and b are nonzero. Let m = [a,b].
Since ab is a common multiple of a and b, it follows that m | ab, so there
exists a d € R such that dm = ab.

We show that d = (a,b). We have that m = a’a, and so da’a = ab, so d | b
because a # Op. Similarly d | a.

Now let ¢ | @ and ¢ | b. We have that a = ca; and b = dby. Since ca1b; is a
common multiple of a and b, it follows that m | ca1by, and so ca;by = mu
for some u € R. Therefore we get that dca;by = dmu = abu = cajcbyu,
and since ca;b; # Og, we get that d = cu, i.e. we proved that d = (a,b). I
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We now show that two elements having a greatest common divisor do not
necessarily have a least common multiple. We will produce two different
examples of such pairs, in the two domains described in the following:

Exercise 3.1.9 i) The set
Z+ X*Z[X] = {ao +aaX®* + a3 X® + ...+ a, X" | n > 2,a; € Z}

is a subring of the polynomial ring Z[X], and so it is a domain with the
usual addition and multiplication of polynomials.
it) The set

Z[iv5] = {a + biV5 | a,b € Z}

s a subring of C, and so it is a domain.

i) The function N : Z[ir/5] — N, defined by N(a+bi/5) = a® +5b%, has
the property N(zy) = N(x)N(y) for all x,y € Z[i/5].

i) U(Z[iv/5]) = {—1,1}.

Proposition 3.1.10 It is possible that two elements have a greatest com-
mon divisor, but their least common multiple does not exist.

Proof: Consider first the elements X2 and X3 in Z + X?2Z[X], which
have a greatest common divisor, namely 1 = (X2, X3), because they are
only divisible by +1 and themselves. If they had a least common multiple,
by Proposition we must have X?X3 = X5 = [X2 X3]. But X6 =
X1X?% = X3X3 is a common multiple, and X° { X°¢. So [X?, X?] does not
exist. Note that this example shows that Corollary [[.2.8]is not true if we
replace Z with an arbitrary domain: it is clear that no linear combination
of X2 and X3 will be equal to 1.

Consider now the elements 3 and 1 + iv/5 € Z[iv/5]. Since no = € Z[i/5]
can have either N(x) = 2 or N(x) = 3, it follows that 1 = (3,1 +4/5). If
[3, 14 iv/5] exists, it has to be 3(1 +1iv/5) by Proposition so N(3(1+
iv5)) = N(3)N(1 +4v5) = 54. But 6 = 3-2 = (1 +4v/5)(1 —iv/5) is a
common multiple, and 6 1 3(1 + i1/5) because N (6) = 36 { 54. 1

Proposition 3.1.11 If R is a domain, and a,b,c € R, ¢ # Og, have the
property that (ac,be) exists, then (a,b) also exists and (ac,bc) = (a,b)e.

Proof: Let d = (ac,be). Since ¢ is a common divisor of ac and be, it follows
that ¢ | d, or d = ed’ for some d’ € R. We show that d' = (a,b). Since
d'c|ac, dc|be, and ¢ # Og, it follows that d' | @ and d’' | b. Now if e | a
and e | b, it follows that ec mod ac and ec | be, so ec | d = d’c, therefore

eld. |
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Exercise 3.1.12 Assume that a and b are not both 0 and d = (a,b). Let
a=da" and b=dl'. Prove that 1 = (a’,b’).

The next result shows that the greatest common divisor of two elements
might not exist, so Theorem does not remain true if we try to replace
Z by an arbitrary domain.

Proposition 3.1.13 [t is possible that two elements have a greatest com-
mon divisor, but their products with the same element of the domain R do
not have a greatest common divisor.

Proof: As seen in the proof of Proposition we have that 1 =
(X2, X3) in Z + X?Z[X]. If we multiply both of them by X3 and we
assume that (X°, X) exists, it should be X3 by Proposition How-
ever, X? is a common divisor of X® = X2X3 and X6 = 22X* but X2 { X3.
So X® and X° do not have a greatest common divisor.

Again, we also give an example in Z[iv/5]. We have seen in the proof of
Proposition that 1 = (3,1 +4v/5). If we multiply both of them by
1 —1i+/5, and we assume that (3(1 —iv/5), 6) exists, it should be 1 —i\/5 by
Proposition However, 3 is a common divisor of 3(1 — /5) and 6,
but 311 — /5, because N(3) =916 = N(1 —i/5). So 3(1 —i/5) and 6
do not have a greatest common divisor. |

Definition 3.1.14 A domain R is called a GCD-domain if every two
elements in R have a greatest common divisor.

Exercise 3.1.15 Give two examples of GC'D-domains, and two examples
of domains which are not GC D-domains.

Proposition [3.1.10] says that “locally”, the existence of a greatest common
divisor does not imply the existence of a least common multiple. Here’s
what happens “globally”:

Exercise 3.1.16 The following assertions are equivalent:
i) R is a GCD-domain.
it) Every two elements in R have a least common multiple.

Exercise 3.1.17 Is the Euclid Lemma (see Theorem true in any
domain? Prove that the Euclid Lemma holds in a GCD-domain.

Exercise 3.1.18 (See Ezercise |1.2.16}) If 1r = (a,b) and 1p = (a,c),
then is it true that 1g = (a,be) in any domain R? What if R is a GCD-
domain?

Exercise 3.1.19 (See Ezercise|1.2.17.) If a | ¢, b | ¢, and 1g = (a,b),
then is it true that ab | ¢ in any domain R? What if R is a GCD-domain?
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Solutions to the Exercises on Section [3.1]

Exercise Prove the following:

i) 1gr | a for all a € R.

ii) a | Og for all a € R.

iii) If a | b and b | ¢, then a | c.

i) If a | b and c | d, then ac | bd.

v) Ifa|banda|c, then a|ub+ ve for all u,v € R.

vi) a | 1g if and only if a € U(R).

vit) If a | b and b | a, then a = ub for some u € U(R).

Solution: i) a =1 - a.

ll) OR =a- OR.

iii) We have that b = ad and ¢ = be = ade.

iv) We have that b = ae and d = cf, so bd = acef.

v) We have b = ad and ¢ = ae, so ub+ ve = uad + vae = a(ud + ve).

vi) We have 1 = ab if and only if a € U(R).

vii) If both a and b are Og, the statement is clear. If one of them is not
Og, the other one has to be different from 0g as well. In that case we have
b=au and a = bv = auv, so 1z = uv because R is a domain and a # Og.

Exercise If dy = (a,b) and ds = (a,b), then dy ~q da, i.e. di = uds
for some u € U(R).

Solution: Since d; = (a,b), da | a, and dy | b, it follows that dy | d;.
Similarly, dy | d2, and we use Exercise vii).

Exercise If my = [a,b] and my = [a,b], then my ~g ma, i.e. my =
umg for some u € U(R).

Solution: Since m; = [a,b], a | ma, and b | ma, it follows that my | ma.
Similarly, mz | m1, and we use Exercise vii).

Exercise i) If the ideal generated by a and b is principal, generated
by d, then d = (a,b).

it) If the intersection of the principal ideals generated by a and b is principal,
generated by m, then m = [a, b].

Solution: i) Since a,b € dR, d is a common divisor for @ and b. If ¢ | a
and ¢ | b, then ¢ | d, which is a linear combination of a and b.

ii) Since m € aRN bR, m is a common multiple of a and b. If n is another
common multiple, n € aRN bR = mR, so m | n.

Exercise i) The set
Z+ X*Z[X] ={ao+axX?* + a3 X* + ...+ a, X" | n >2,a; € Z}

is a subring of the polynomial ring Z[X], and so it is a domain with the
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usual addition and multiplication of polynomials.
it) The set

Z[iv/5] = {a + biV5 | a,b € Z}

18 a subring of C, and so it is a domain.

iii) The function N : Z[ir/5] — N, defined by N(a+biv/5) = a® +5b%, has
the property N(zy) = N(x)N(y) for all x,y € Z[i\/5].

) U(Z[iv/5]) = {—1,1}.

Solution: i) is clear.

ii) Take R = Z, A = C, v : Z — C the inclusion, and z = i1/5 in Theorem
We see that I'm(6) = Z[iv/5] using the fact that (iv/5)? = —5.

iii) If z = a + biv/5 and y = ¢ + div/5, we have N(zy) = xyTy = 2Tyy =
N(@)N(y).

iv) The only integer solutions of the equation a? + 5b%> = 1 are a = %1 and
= 0.

(=

Exercise |3.1.12| Assume that a and b are not both 0 and d = (a,b). Let
a=da" and b=dl'. Prove that 1gr = (a’,b’).
Solution: Use Proposition |3.1.11

Exercise [3.1.15| Give two examples of GCD-domains, and two examples
of domains which are not GC D-domains.
Solution: Z is a GCD-domain by Theorem Every field is a GCD-
domain because the greatest common divisor of two elements is 0 if both
elements are 0, and 1 if not.

The domains Z + X2Z[X] and Z[iv/5] in Exercise are not GC' D-
domains by Proposition [3.1.13]

Exercise The following assertions are equivalent:

i) R is a GCD-domain.

it) Fvery two elements in R have a least common multiple.

Solution: ii) = i) follows from Proposition [3.1.8]

i) = ii). Let a,b € R and assume that they are not 0. We let d = (a,b),
and since a | ab it follows that d | ab, or ab = dm for some m € R. We show
that m = [a,b]. We have that « = da’ and b = db/. Then da’b = dm, so
b | m. Similarly we get that a | m. Assume now that a | n and b | n. Then
ab | nb and ab | na, so md = ab | (na,ndb) = n(a,b) = nd, and therefore
m | n. (Note that this proof is different from the one in Exercise
which does not work in this case.)

Exercise [3.1.17| Is the Euclid Lemma (see Theorem true in any
domain? Prove that the Euclid Lemma holds in a GCD-domain.

Solution: No, take a = X2, b = ¢ = X? in Z + X?Z[X]. Then a | b,
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1g = (a,b), but a f c. If R is a GCD-domain, let a | bc and 1 = (a,b).
Then, since a | ac, we have that a | (ac,bc) = (a,b)c = c.

Exercise (See Exercise [1.2.16) If 1g = (a,b) and 1g = (a,c),
then is it true that 1r = (a,bc) in any domain R? What if R is a GCD-
domain?

Solution: No, take ¢ = X2 and b = ¢ = X? in Z + X?Z[X]. Then
1g = (a,b) = (a,c) but 1g # (a,bc). If R is a GCD-domain, let d | a
and d | be. Then (d,b) = 1g, and by the Euclid Lemma we get that d | c.
Therefore d | 1z and we are done.

Exercise (See Exercise[1.2.17) Ifa|c, b|c, and 1 = (a,b), then
is it true that ab | ¢ in any domain R? What if R is a GCD-domain?
Solution: No, a = X%, b= X3, and ¢ = X% in Z + X?Z[X]. Then a | c,
b|ec, and 1g = (a,b), but abtec. If Ris a GCD-domain, let a | ¢, b | ¢, and
1g = (a,b). Then ab | bc and ab | ac, so ab | (ac,bc) = (a,b)c = c.
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3.2 Prime and irreducible elements

We continue to assume that all rings are domains. The following definition
generalizes Definition [1.2.19

Definition 3.2.1 Let R be a domain. Then an element p # Ogr, p ¢ U(R),
is said to be prime if from p | ab it follows that p | a orp|b.

Examples of prime elements in Z are therefore the prime numbers. In the
ring Z+X2Z[X] (see Exercise[3.1.9), the element X? is not prime, because it
divides X3X3 = X% = X2X* but it does not divide X 3. In the ring Z[i\/5],
the element 2 is not prime, since it divides 2-3 = 6 = (1 + iv/5)(1 — iv/5),
but it does not divide either of 1+ 4+v/5 and 1 — i\/5, because N(2) = 4 t
6 =N(1+1iV5) =N(1—iV5).

Exercise 3.2.2 If p is prime, and p | a1as...ay,, then there exists i, 1 <
i <n such that p | a;.

Proposition 3.2.3 The following assertions are equivalent for p # Og,

p ¢ U(R):
i) p is prime.
it) The principal ideal generated by p, pR, is a prime ideal.

Proof: We have that pR # R, and pR s prime if and only if ab € pR
implies a € pR or b € pR, i.e. p| ab implies p | a or p | b. |

Combining Proposition with Corollary we get

Corollary 3.2.4 Ifp # 0g, p ¢ U(R), then p is prime if and only if R/pR
is a domain.

Exercise 3.2.5 If R is a domain, then X is a prime element in the poly-
nomial ring R[X].

Proposition 3.2.6 Let p € R be a prime element. Then p is a prime
element in the polynomial ring R[X].

Proof: We clearly have that p # Or and p ¢ U(R[X]) = U(R) (see
Exercise iv)). By Proposition we have that pR is a prime ideal,
and so pR[X] is a prime ideal by Exercise [2.6.18]1iii), which shows that p is
prime in R[X], again by Proposition @

We are now going to give a direct proof, using the definition of prime
elements. Assume that p | fg, where f, g € R[X],

f=ao+a X +aX’+ .. . +a, X", g=bo+01 X +b X2+ ... +b, X"
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If pt f and ptg, let k and I be the smallest with the property that p { ax
and pt b;. But then p does not divide the coefficient of X**! in fg, which

1S
g a;b; + axby,
i+j=k+1i#k;j#£L

because in each of the terms of the sum one of the factors is divisible by p
and ptagb;. In conclusion p{ fg, which is a contradiction. |

Exercise 3.2.7 Let p be a prime element in R, and S a multiplicative set
on R such that pRNS = 0. Then % is a prime element in ST'R.

Exercise 3.2.8 Let R and T be domains, f : R — T a ring morphism,
and p € R, q € T such that f(p) = q.

i) If p is prime, is q¢ prime?

it) If q is prime, is p prime?

The following definition generalizes condition iii) in Exercise|l.2.20| (usually
taken as a definition for prime numbers).

Definition 3.2.9 Let R be a domain. Then an element ¢ # Or, ¢ ¢ U(R),
is said to be irreducible if from d | q it follows that d ~q 1g or d ~q q.

The connection between prime and irreducible is given by the following

Proposition 3.2.10 Any prime element is irreducible, but there are irre-
ducible elements that are not prime.

Proof: Assume that p € R is prime, and let d | p. It follows that p = ds,
so p | ds. Since p is prime, it follows that p | d or p | s. If p | d we have
d ~gp. If p|s, write s = pu, and observe that p = dpu. Since p # Og, we
get 1g = du, or d ~4 1, which ends the proof.

Now X2 € Z+ X?Z[X] is irreducible, but not prime, and 2 € Z[i/5] is also
irreducible but not prime (see examples after Definition (3.2.1]). 1

Proposition 3.2.11 In a GCD-domain, the notions of prime and irre-
ducible coincide.

Proof: Let ¢ € R be irreducible. We have to show that ¢ is prime, so we
assume that ¢ | ab. If ¢ | a, we are done. If ¢ t a, then we must have that
1g = (g,a) because q is irreducible, so we can apply Euclid Lemma (see

Exercise [3.1.17)) to get that ¢ | b. |

Proposition 3.2.12 Let q € R be irreducible. Then q is irreducible in the
polynomial ring R[X].
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Proof: Since R is a domain, the units in R[X] are precisely the units in R
by Exercise iv). Therefore, ¢ # Or and ¢ ¢ U(R[X]). Since R is a
domain, the divisors of ¢ in R[X] have to be polynomials of degree 0, i.e.
nonzero elements of R, so these are the same as the divisors of ¢ in R and
we are done. 1

Exercise 3.2.13 Let p be an irreducible element in R, and S a multiplica-
tive set on R such that pRNS = 0. Is % an irreducible element in ST'R?

Exercise 3.2.14 Let R and T be domains, f : R — T a ring morphism,
and p € R, q € T such that f(p) = q.
i) If p is irreducible, is q irreducible?
it) If q is irreducible, is p irreducible?

The following exercise should be compared to Exercise [3.1.9

Exercise 3.2.15 i) The set
Zii)={a+bi|abeZ}

is a subring of C, and so it is a domain (its elements are called Gaussian
integers).

ii) The function N : Z[i] — N, defined by N(a + bi) = a® + b, has the
property N(xy) = N(x)N(y) for all z,y € Z][i].

i) U(Zl]) = {-1,1,4,—1}.

The following exercises look at prime and irreducible elements in Z[i]. We
will see soon, in Corollary [3:3.16] that these are in fact the same.

Exercise 3.2.16 Let x = a + bi € Z[i], N(z) =2. Then
i) x is irreducible.

i)z e {1+i,—1—i,1—i,—1+4}.

w) x |y if and only if N(y) is even.

v) T is prime.

Exercise 3.2.17 Letx = a+bi € Z[i], N(x) = p, where p is an odd prime.
Then
i) x is irreducible.

it) p=1 (mod 4).

Exercise 3.2.18 If w € Z[i] is prime, then one of the following assertions
hold:

Z) T ~d 1+ i,

i) ™ ~q p, where p € Z is a prime congruent to 3 (mod 4),

iit) N(m) = q, q € Z is a prime congruent to 1 (mod 4).
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If we can prove that any 7 satisfying ii) and iii) from Exercise is
prime, then we found all primes in Z[i]. We already know that an element
satisfying iii) is irreducible (see Exercise , and the following exercise
shows that an element satisfying ii) is irreducible, so everything will follow

from Corollary [3.3.16]

Exercise 3.2.19 Any p € Z, a prime congruent to 3 (mod 4), is an irre-
ducible element in Z[i]. Prove that there are infinitely many such primes.

Exercise 3.2.20 If x,y € Z[i], N(z) = N(y), does it follow that x ~q y?
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Solutions to the Exercises on Section [3.2

Exercise If p is prime, and p | a1az...ay,, then there exists i, 1 <
i <n such that p | a;.
Solution: Same as the solution to Exercise [.2.21]

Exercise If R is a domain, then X is a prime element in the poly-
nomial ring R[X].
Solution: R[X]/XR[X]~ R.

Exercise Let p be a prime element in R, and S a multiplicative set
on R such that pRNS = 0. Then % is a prime element in ST'R.
Solution: We will omit the index R when writing 0 and 1. We first see
that 2 # 2 because p # 0, and 2 is not a unit, because if 2+ 2 = 1 then
pa=s€EpRNS, a contradiction.

Now, if § | ¢ w it follows that ai’ B . £ so pest = abr, and since p
can’t d1v1de T, it follows that p | a or p | b. If say p | a, then a = pu, so

2 ="0.%ie T |2 which ends the proof that ¥ is prime in S~ lR.

Exercise Let R and T be domains, f : R — T a ring morphism,
andp € R, q € T such that f(p) =

i) If p is prime, is q prime?

it) If q is prime, is p prime?

Solution: i) No, take R = Z, T = Z[i] = {a+bi | a,b € Z}, f the inclusion,
and p = ¢ = 2. We have that 2 is prime in Z, but 2 = (1 +14)(1 — i) € Z[i].
ii) No, take R=7Z,S={2|ke N} T = S 17, f the canonical injection,

p:6,qf Thenqlsprlme 1f7 —k:Qm 2n,then3|bor3|c which
b

om

means that ¢ | or 8| £.

Exercise Let p be an irreducible element in R, and S a multiplica-
tive set on R such that pRNS = . Is 1% an irreducible element in ST'R?
Solution: No, let R = Z[iv5], p = 3, S = {2 | k € N}. Then 3 is
irreducible, because there are no elements of norm 3, but

3 _14iV/5 1-ivh

11 2
We show that % is not a unit. If % . %};‘/3 = %, then 2% =
a— 5b+ (a+b)iv/5, so a = —b, and 2* = 6a, a contradiction.
We show that 2 f Hi\/g. If Hiﬁ =32 %,’;‘/g, then 2F(1 + iv/5) =
3(a + biv/5), and it follows that N(2F(1 +iv/5)) = 22 . 6 is divisible by 9,

a contradiction.

Exercise [3.2.14] Let R and T be domains, f: R — T a Ting morphism,
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andp € R, q € T such that f(p) = q.
i) If p is irreducible, is q irreducible?
it) If q is irreducible, is p irreducible?
Solution: No to both, see the solution to Exercise [3.2.8|

Exercise [3.2.15| i) The set
Zli)={a+bi|a,beZ}

is a subring of C, and so it is a domain (its elements are called Gaussian
integers).

ii) The function N : Z[i] — N, defined by N(a + bi) = a* + b, has the
property N(xy) = N(x)N(y) for all z,y € Z[i].

iii) U(Z[]) = {-1,1,4,—i}.

Solution: i) Take R =7, A =C, ¢ : Z — C the inclusion, and x = i in
Theorem We see that I'm(6) = Z[i] using the fact that i = —1.

ii) See Exercise iii).

iii) The only integer solutions of the equation a® 4+ b? = 1 are a = £1 and
b=0,ora=0and b= =+1.

Exercise Let x = a+bi € Z[i], N(x) = 2. Then

i) x is irreducible.

i) e {1+i,—1—4,1—i,—1+i}.

i) @ ~g 1+ 1.

i) x|y if and only if N(y) is even.

v) x is prime.

Solution: i) If x = yz, then 2 = N(y)N(z), so either N(y) =1 or N(z) =
1.

ii) The solutions of a®? +b? =2 area=+1and b= +1,s0 x € {1 +i,—1—
i1 —i,—144).

i) —1— = (=1)(1+1), 1 —i = (—i)(1 +1), =1+ =i(1 +1).

iv) If x | y, then N(z) = 2 | N(y). Conversely, ify = c+di, N(y) = *+d* =
2k, it follows that ¢ and d are both odd or both even, so both ¢+ d and
¢ —d are even. Then, if we put ¢+ di = (1 +4)(u+vi) = u— v+ (u+ v)i,
we can solve for u and v: u = =4 € Z, and v = %3¢ € Z.

v) This will follow from Corollary but we give a direct proof. If
z | yz, then N(y)N(z) is even, so one of them has to be even, and we can
use iv).

Exercise |3.2.17| Let x = a+bi € Z[i], N(x) = p, where p is an odd prime.
Then
i) x is irreducible.

it) p=1 (mod 4).
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Solution: i) Same as Exercise 3.2.16]i).

ii) We have that p has to be congruent to 1 or 3 (mod 4). But a? + b? can
only be congruent to 0,1, or 2 (mod4).

Exercise If m € Z[i] is prime, then one of the following assertions
hold:

Z) mTr~g 141,

it) ™ ~q p, where p € Z is a prime congruent to 3 (mod 4),

itt) N(m) = q, q € Z is a prime congruent to 1 (mod 4).

Solution: N(7) # 1, so N(7) = 77 can be written as a product of integer
primes by Theorem [1.2.23]

T = p1P2 ... Pk

If k=1, i) or iii) hold by Exercises|3.2.16{and |3.2.17}
If k > 2, then 7 divides one of these primes, say « | p1, or p1 = mz. Then

N(p1) =pi = N(7)N(x) = p1ps . .. piN (),

so in this case we see that k = 2, p1 = ps = p, and N(x) =1, i.e. T ~g p.
We clearly have that p; # 2, because 2 = (1+4)(1—1) is not prime. In order
to finish the proof we have to show that p is not congruent to 1 (mod 4).
Indeed, if this was the case, then we have an even number of congruences

p—1 = -1 (mod p)
p—2 = -2 (modp)
L .
I% = _pT (mod p)
so if we denote a = p2;1!, and we use Wilson’s Theorem (see Exercise

2.3.17), we get that (p—1)! = a®? = —1 (mod p), i.e. p | a®>+1 = (a+i)(a—i),
and since clearly p does not divide either of a + ¢ and a — i, we get a
contradiction. Therefore, p is congruent to 3 (mod 4).

Exercise Any p € Z, a prime congruent to 3 (mod 4), is an irre-
ducible element in Z[i]. Prove that there are infinitely many such primes.
Solution: If p = zy, where x,y € Z. Then p? = N(x)N(y), and the only
way to avoid that one of N(z) and N(y) is 1 is to have both of them equal
to p. But that is not possible by Exercise ii).

For the second part, assume that there are only finitely many primes
of the form 4k + 3, call them p1,ps,...,pr. The number 4p1ps---pr — 1
has to be divisible by one of py,pa, ..., pi, because otherwise it would have
remainder 1 modulo 4. But this is clearly false, so the proof is complete.
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Exercise [3.2.20| If z,y € Z[i], N(xz) = N(y), does it follow that x ~g4 y?
Solution: No, take © = 244 and y = 2 — i. By Exercise [3.2.15]iii), the
associates of x are {2 +14,—2 —4,—1+2i,1 — 2i} F .
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3.3 Euclidean domains

We continue to assume that all rings are domains. The following definition
is inspired by Theorem [1.2.1

Definition 3.3.1 A domain R is called Euclidean if there exists a function
¢ : R\ {0} — N for which the Division Algorithm holds, i.e. if a,b € R
and b # 0, then there exist q,v € R such that a = bq+r and r = 0 or
o(r) < @(b). The elements q qnd r are called a quotient and a remainder
for a divided by b.

By Theorem Z is Euclidean, the function ¢ : Z\ {0} — N is defined
by ¢(n) = |n|. We noticed in the proof of Theorem that there are
generally two pairs of quotients and remainders for a division in Z.

Exercise 3.3.2 If we ask the remainder r in Theorem to satisfy r >
0, then the quotient and remainder, the q and the r from the statement of
the theorem are unique.

Exercise 3.3.3 If K is a field, show that K is Fuclidian.

The following result shows that if K is a field, then the polynomial ring
K[X] and the formal series ring K[[X]] are Euclidian, with functions ¢ :
K[X]\ {0} — N defined by ¢(f) = deg(f), and ¢ : K[[X]]\ {0} — N
defined by ¥(f) = ord(f) = the smallest power of X appearing in f:

Theorem 3.3.4 i) Let K be a field, and f,g € K[X], g # 0. There exist
q,r € K[X] such that f = qg +r, where r =0 or deg(r) < deg(g).

it) Let K be a field, and f,g € K[[X]], g # 0. There exist q,r € K[[X]]
such that f = qg +r, where r =0 or ord(r) < ord(g).

Proof: i) The proof is similar to the one of Theorem If g | f, then
f = qg for some ¢ € K[X], and we take r = 0. If g ¥ f (note that this
implies that f # 0), we let W = {deg(f —eg) | e € K[X]}. By the well-
ordering principle, we let r = f — gg such that deg(r) is a least element
of W. We want to show that deg(r) < deg(g). If deg(r) = deg(f — qg) =
n > m = deg(g), we write r = f —qg = aX" + a, 1 X" ' + ... and
g=bX"4+b,_ 1 X" ' +.... Then f — qg — ab~' X" ™g has degree less
than deg(r), a contradiction.

ii) The proof is identical to the proof of i), except we write r = f — qg =
aX™ + ap 1 X" 4+ .oand g = bX™ + b, 1 X ..., and we replace
degree by order everywhere.

We remark that the proofs of i) and ii) above are exactly the long divi-
sion algorithms for polynomials and power series as you have seen them in
beginning algebra and calculus. |
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Remark 3.3.5 We remark that the conclusion of Theorem remains
true for polynomials with coefficients in an arbitrary domain if the leading
coefficient of g is a unit.

Exercise 3.3.6 Show that q and r from the statement of Theorem |3.5.
are unique.

Corollary 3.3.7 (Bézout’s Little Theorem) Let R be a domain, and
a € R. For any f € R[X], the remainder of f when divided by X —a is f(a)
(the value of the polynomial function defined by f at a € R). Consequently,
X —a| f if and only if f(a) =0 (we say that a is a root of f).

Proof: By Theorem and Remark we have that f = (X —a)q+r,
where r € R. After specializing X at a we get that f(a) =r. 1

Exercise 3.3.8 (Rational Root Theorem) If § € Q, (a,b) =1, is a
root of
f=an X"+ ap 1 X" P+ a1 X +age 7[X],

then a | ag and b | ay,.

Exercise 3.3.9 If R is a domain and f € R[X] is a non-zero polynomial,
then f has at most n roots, where n = deg(f). Is this true if R is not a
domain?

The previous exercise shows that if R is an infinite domain, we cannot
have two different polynomials defining the same polynomial function. In-
deed, the difference of the two polynomials would then have infinitely many
roots, which is not possible, the number of roots is bounded by the degree.
This is the reason why we can get away with identifying polynomials with
polynomial functions in high school mathematics.

Exercise 3.3.10 Let p € Z be prime. Use the polynomial (X —1)--- (X —
p+1)— XP~1 +1 € Z,[X] to give another proof for Wilson’s Theorem:

(p—1!'=—1 (mod p) (see Exercise .

You might find other definitions for Euclidean domains in the literature.
One of the most commonly used definitions requires that the function ¢ in
Definition [3.3.1] additionally satisfies the condition

If a and b are non-zero, and a | b then ¢(a) < ¢(b). (3.1)

We will see in the next section (Proposition [3.4.6)) that these two definitions
are equivalent.
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Another definition requires the function ¢ in Definition to be multi-
plicative, i.e. p(ab) = p(a)p(b) for all a,b € R\ {0}. It is clear that if ¢ is
multiplicative, then it satisfies condition . Looking at our examples of
Euclidean domains, we see that the functions we considered for Z, a field
K, and Z[i] (see Theorem below) are all multiplicative. The only
one that are not are ¢(f) = deg(f), where K is a field and f € K[X]\ {0}
and ¥(f) = ord(f), where K is a field and f € K[[X]] \ {0}. However,
they can be replaced by ¢(f) = 29°&(/) and '(f) = 20rd(f)  which are
multiplicative. For a very long time it has been an open question whether
any Euclidean domain has a multiplicative function. An example of an
Euclidean domain for which this is not true was given in [11].

We now show that the ring of Gaussian integers, Z[i], is an Euclidean
domain. Recall from Exercise [2.6.15| that its field of fractions is Q(i) =
{a+bi|a,beQ}.

Theorem 3.3.11 i) Z[i] is Euclidean with respect to N : Z[i] — N, N(a+
bi) = a® + b2, if and only if Vz € Q(i) Iq € Z[i] such that N(z — q) < 1.
i4) Z[i) is Euclidean with respect to N : Z[i] — N, N(a + bi) = a? + b*.

Proof: i) Assume that Z[1] is Euclidean, and let z = § € Q(i), o, 8 € Z[d],
B # 0. Then there exist ¢,r € Z[i] such that « = 8¢ + r and N(r) < N(B)
(this is because N(r) = 0 iff r = 0).Then we have

e (3 (4527 ) (5) - B < o

Conversely, let «, 8 € Z[i], 8 # 0. Let z = g and ¢ € Z[i] be such that
N(z—¢q) <1, and let r = a — 8q. Then (3.2)) holds and we are done.

i) If a, 8 € Z[i], 8 # 0, then 5 € Q(i) is inside one of the squares of
the lattice determined in the plane by Z[i]. Any vertex of this square
that is within a unit distance from % is a possible quotient according to
i). In Figure each of the nine regions displays the number of possible
quotients when % is in that region. For each quotient ¢ we find a remainder

by putting r = o« — Bq. We see that there are at least two and at most four

possibilities, depending on the region that contains % |

Remark 3.3.12 We have seen that for integers we have in general two
pairs of quotients and remainders, but if we ask the reminder to be non-
negative, then the quotient and remainder are unique. The quotient and
remainder are also unique for polynomials with coefficients in a field, but
in the case of Gaussian integers there is no way choose the quotient and
remainder in order to make them unique.
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[ 2

2 9

Figure 3.1: Number of quotient and remainder pairs in Z[i]

Theorem 3.3.13 An Euclidean domain is a GCD-domain.

Proof: The proof is identical to the proof of Theorem|1.2.7] Given elements
a and b in an Euclidean domain R with function ¢, we need to show that
a greatest common divisor of a and b exists. If one of a and b is 0, then
the other one is their greatest common divisor. So we assume that both
of @ and b are not 0, and we consider the set W = {p(ma + nb) | m,n €
R,ma+nb # 0}. W # () because we can pick m = 1 and n = 0. By the
well-ordering principle W has a least element ¢(d) = ¢(ua + vb), and we
show that d = (a,b). We prove first that d | a. Indeed, if d does not divide
a we use the division algorithm to find ¢ and r such that a = dq + r, where
o(r) < p(d). Now since r = a—dq = a— (ua+vb) = (1 —u)a+(—v)b € W,
this contradicts the fact that ¢(d) is the least element in W. The proof of
the fact that d | b is identical. Finally, if ¢ | @ and ¢ | b, then a = ce and
b= cf. It follows that d = ua + vb = uce + vef = c(ue + vf), so ¢ | d and
the proof is complete. |

Exercise 3.3.14 Find all possible quotients and remainders when dividing
1+ 2¢ by 3+ 4i in Z[3].

From the proof of Theorem [3.3.13| we immediately obtain the following

Corollary 3.3.15 In an Fuclidean domain, the greatest common divisors
of two elements is a linear combination of them (i.e. if d = (a,b), Ju,v € R
such that d = au + bv).

Corollary 3.3.16 In an Euclidean ring, an element is prime if and only
if it is irreducible.
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Proof: Proposition [3.2.11 |

The proof of the next result is identical to the one of Proposition [1.2.10
and since even the notation is the same, we will omit it.

Proposition 3.3.17 (The Euclidean Algorithm in Euclidean Do-
mains)

In an Euclidean domain R with function @ we have the following:

i) If a = bq + r, then (a,b) = (b, 7).

it) If a,b are nonzero, consider the following chain of divisions:

a = qob + 1o, where ro =0 or p(ro) < @(b),

b= qiro+1r1, where r1 =0 or v(r1) < p(ro),

ro = gar1 + r2, where ro =0 or o(ra) < p(r1),

Trn = qntoTnt1 + Tnae, where o =0 or @(rp12) < (Tpe1),

Then {@(rn)} is a strictly decreasing chain of nonnegative integers, so one
of the r’s has to be 0. The last nonzero remainder in this chain is a greatest
common divisor for a and b.

Remark 3.3.18 If we find d = (a,b) using the Euclidean algorithm, we
can use back substitution to write d as a linear combination of a and b.

Exercise 3.3.19 Use the Euclidean algorithm to find (4 —3i,2+1) in Z][i],
then write it as a linear combination of 4 — 3i and 2 + i.

Exercise 3.3.20 Use the Euclidean algorithm to find (X° 4+ X* + 2X +
2, X% 4+ 3X +2) in Q[X], then write it as a linear combination of X5 +
X4 4+2X +2 and X? +3X + 2.

Remark 3.3.21 The greatest common divisor of two elements is generally
not unique, any element associated in divisibility with it will also be a great-
est common divisor. In Z we can make the greatest common divisor unique
by requiring it to be positive. We can make the greatest common divisor
of two polynomials with coefficients in a field unique if we require it to be
monic (i.e. to have leading coefficient 1). For Gaussian integers we have
no option for making the greatest common divisor unique.
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Solutions to the Exercises on Section [3.3

Exercise [3.3.2] If we ask the remainder r in Theorem[I.2.1) to satisfy r > 0,
then the quotient and remainder, the ¢ and the v from the statement of the
theorem are unique.

Solution: Assume that a = bg; + r1 = bgs + 72, where 0 < rq,79 < b.
Then b(q1 — g2) =19 — 71, i.e. b| ro—7r1. Since |ry — 71 [< b, it follows that
r1 = T3, s0 bqy = bge, and since b # 0 we get that ¢; = ¢o.

Exercise If K is a field, show that K is Euclidian.
Solution: Define ¢ : K \ {0} — N by ¢(a) =1 for all ¢ € K \ {0}. Then
for all a,b € K, b# 0, we get ¢ = ab~! and r = 0.

Exercise Show that q and r from the statement of Theorem [3.3.
are unique.

Solution: Assume f = q1g+ 11 = qag + ro. If 1 # 7o, then g(q1 — ¢2) =
ro — 11, and deg(g) < deg(ra —r1), a contradiction. It follows that r; = ro,
s0 q1 = ¢o as well, because K[X] is a domain and g # 0. For the formal
series case, just replace degree by order.

Exercise If £ €Q, (a,b) =1, is a root of
f=a, X" +an 1 X" '+ ... +a1X +ay € Z[X],

then a | ag and b | ay,.
Solution: Write

n3) e () v (§) v

so after multiplying both sides by b™ we get
ana™ + ap_1a" b+ ... 4 a1ab” ! + apb™ = 0.
Therefore
a(ana™ "t +a, 10" b4+ ad" ) = —agh”,
so by Euclid’s Lemma (Theorem we get that a | ag. Then
l)(an_1a7“1 +... Faab" 4+ aobnfl) = —ana”,
s0 b | an.

Exercise If R is a domain and f € R[X] is a non-zero polynomial,
then f has at most n roots, where n = deg(f). Is this true if R is not a
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domain?
Solution: Induction on n. If n = 0, then 0 # f € R, so f has no roots.
If n > 1 and f has a root a, then f = (X — a)g, where deg(g) =n —1 by
Corollary 337} By the induction hypothesis g has at most n — 1 roots, so
f has at most n — 1 4+ 1 = n roots.

The assertion is false if R is not a domain, the polynomial 2X € Z4[X]
has degree one and two roots, 0 and 2.

Exercise Let p € Z be prime. Use the polynomial f = (X —
) (X —p+1)— XP 1 +1 € Z,[X] to give another proof for Wilson’s
Theorem: (p—1)! = —1 (mod p) (see Ezercise[2.3.17).

Solution: Assume p > 2. By Fermat’s Little Theorem (Exercise
viii)), f has roots 1, 2, ..., p — 1. Since it has degree at most p — 2, by
Exercise [3.3.9]it follows that f = 0. Specializing X at 0 gives (p—1)! = —1
(mod p).

Exercise Find all possible quotients and remainders when dividing
1+42¢ by 3+ 4i in Z[3].

Solution: Since N(3+4¢) = 25 > 5 = N(142i), we can choose ¢; = 0 and
r1 = 14 2i. We now find the other quotients and remainders. We compute

1420

; (142i)(3 —4d)  11+2i E+3¢
3440 25 925 25 957

We see that z is inside the square with vertices 0, 1, ¢, and 1 +i. We
compute

2 2
2 196 4 200
Nie-1)=(=_1 ) L,
(z=-1) (25 )+<25) 625 625 625

11\? 2 > 121 529 650
Niz—i)= (= Zq) = 2 0
(z=1) (25> * (25 ) 625 625 625

2 2
11 2 196 529 725
Nz—(1+4+4))=(=—=-1 — 1) =—+—-—=—>1.
(2= (1 +1) (25 ) + (25 ) 625 625 625
There is only one other possible quotient, go = 1, and remainder ro =
1+ 2 — (3+4i) = —2 — 2i.

Exercise [3.3.19| Use the Euclidean algorithm to find (4+ 3i,2+14) in Z][i],
then write it as a linear combination of 4 + 3i and 2 + .

Solution: We compute

443 (4+30)(2—4) 11+20 11 2.

ATy T 5 5 5 T5"
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We have that z; is inside the square with vertices 2, 3, 3+, and 2 +1¢. We
only need one quotient and one remainder, and we see that N(z; — 2) =
21*5+%=%<1,sowewrite

443i=(2+14)-2+1.
Since 4 is a unit, we have that 1 = (4 + 3¢,2 + 1), and since i = 4 + 3i +
(=2)(2+1), we get that

1= (—i)(4+30) + (20)(2 + ).

Exercise Use the Euclidean algorithm to find (X5 + X* +2X +
2,X? +3X +2) in Q[X], then write it as a linear combination of X° +
X*+2X +2 and X? +3X + 2.

Solution: We first divide X° + X4 +2X +2 by X2 +3X + 2:

X3 —2X? +4X -8

X?2+3X+2) X° +Xx* +2X +2
— X% —3X* - 2X3
—2X4-2x3

2X*+6X3 +4X2

4X3 +4X?%2 42X
—4X3% —12X2%2 —8X

—8X2 —6X +2
8X2 4+ 24X + 16

18X + 18

so we have
XP 4 X 42X +2= (X2 43X +2)(X® —2X2 +4X —8) +18(X + 1),

Then we divide X2 + 3X + 2 by 18X + 18:
1 1
178X+§
18X—|—18) X?243X 42
-X?2 —-X
2X +2
—2X =2
0

Since 18 is a unit, we have that X +1 = (X°+ X*+2X +2, X2 +3X +2),
and
1

X+1=
+ 18

1 1 2 4
(X5+X4+2X+2)+(—1—8X3+§X2—§X+§)(X2+3X+2).
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3.4 Principal Ideal Domains

Recall from Definition [2:2.9 that a domain R is said to be a principal ideal
domain (PID for short) if every ideal of R is principal, i.e. is generated by
one element.

Exercise 3.4.1 Show that

i) a field is a PID.

ii) 7 is a PID.

ii1) Z|X] is not a PID by proving that the ideal generated by 2 and X is
not principal.

We now extend Exercise [2.2.10| (whose proof is actually the proof of Propo-
sition [1.5.7)) to Euclidean domains.

Theorem 3.4.2 Any Euclidean domain is a PID.

Proof: Let R be a Euclidean domain with function ¢, and let I be an ideal
of R. If I = {0}, I is generated by 0. If I # {0}, let

W ={¢p(a)acl a#0}

By the well-ordering principle, let b € I, b # 0, such that ¢(b) is the least
element in W. We show that I = bR. It is clear that bR C I, because
bel Ifaecl,let g,r € Rsuch that a =bg+r, and r =0 or ¢(r) < ¢(b).
Since r = a — bg € I, the latter would contradict the fact that ¢(b) is the
least element of W, so we get that » = 0 and the proof is complete. |

Exercise 3.4.3 Show that
i) Z[i] and K[X], where K is a field, are PIDs.
it) If R is a domain, then R[X] is a PID if and only if R is a field.

Exercise 3.4.4 Show that a PID is a GCD-domain.
Exercise 3.4.5 Is Z[i\/5] a PID?

We can now prove the equivalence of the two definitions for Euclidean
domains promised at the end of the previous section.

Proposition 3.4.6 Let R be an Euclidian ring with function ¢ : R\
{0} — N, and define ¢’ : R\ {0} — N by

¢'(a) = inf{p(b) | b ~g a}.

Then R is an Fuclidean ring with ¢, and ¢’ also satisfies .
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Proof: We show first that R is Euclidean with ¢’. Let a,b € R, b # 0, and
let b ~4 b be such that ¢’ (b) = ¢(b’). Then let ¢, € R such that a = b'q+r
and 7 = 0 or p(r) < p(b'). We have that ¥ = bu for some u € U(R), so
a = buq + r. Then, if r # 0, we have ¢'(r) < p(r) < @(b") = ¢'(b).

We now prove that ¢’ satisfies (3.I). Let a | b be non-zero elements in
R, which means that b € aR. By the proof of Theorem it follows
that aR = cR, where ¢ has the property that ¢’(c) is the smallest of all
¢'(z), © € aR. In particular, ¢'(¢) < ¢’(b). On the other hand, a ~4 ¢, so
@'(c) = ¢'(a), and the proof is complete. |

Theorem 3.4.7 Let R be a PID, a € R, a #0, a ¢ U(R). Then a can be

written as a finite product of prime elements.

Proof: Since PIDs are GC'D-domains, any irreducible is prime, so we
show that a is a finite product of irreducibles. If a is not a product of
irreducibles, we can write a = aja’, where a1,a’ ¢ U(R), and a; is not
a product of irreducibles. Then a; = aga”, where as,a” ¢ U(R), and as
is not a product of irreducibles. We keep going and we get the following
strictly ascending chain of principal ideals of R:

alRCagRCagRC....

But I = U;>1a,;R is an ideal of R (because every element in I has to belong
to one of the ideals in the chain, and therefore any two elements in I belong
to one of the ideals in the chain), so I = aR for some a. Now a has to belong
to some a, R, so the chain has to stabilize after that, a contradiction. |

Proposition 3.4.8 Let R be a PID but not a field. Then M is a mazximal
tdeal of R if and only iff it is generated by an irreducible element.

Proof: Let M = ¢gR be an ideal of R, and assume that d | ¢. Then
M = gR C dR C R. Since gR = dR if and only if d ~4 ¢ and dR = R if
and only if d € U(R), the assertion follows. 1

Exercise 3.4.9 Use Proposition[3.4.8 to give another proof of the fact that
m a PID any irreducible is prime.
a,be Z} .

is a subring of C, and therefore it is a domain.

Exercise 3.4.10 Let

1+4V19 1+iv19
T — CL—Fb?

Z

Prove that:
Z) 7, |:1+i2\/E:|
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i) N+ 2 [L10) 5 N, defined by N (a+b1519) = a2 + ab+ 50 is
multiplicative.
i11) The field of fractions of Z [%} 18

Q[iv19] = {a + bivV19 | a,b € Q}.
i) U (Z [%D ={1,-1}.
Proposition 3.4.11 R=7 [H”T‘/E} ts a PID but is not FEuclidean.

Proof: Assume first that R is Euclidean with function ¢, and let b ¢
{0, £1} such that (b) is the smallest (such a b exists by the well-ordering
principle). Then for any a we have that a = bg+ r, where r € {0,+1}, and
so R/bR is isomorphic to Zs or Zs. Now

2
(1 +¢\/19> C VIS 1419 149

2 2 2 2

so if we put o = 1”27‘/@, we have that o2 — a+ 5 = 0, and if we denote
by @ the coset of a in R/bR, we have that @*> —a@ + 5 = 0. However, no
elements in Zs or Zg satisfy this, and therefore R is not Euclidean.

We now show that R is a PID using R.A. Wilson’s proof from [43].
Let I be a non-zero ideal of R, and let b € I, b # 0, such that N(b) is
the smallest possible (such a b exists by the well-ordering principle). We
will show that I = bR. If this is not true, we choose a € I\ bR and we
try to contradict the minimality of N(b) by finding u,v € R such that
0 < N(ua —vb) < N(b), or 0 < N (u$ —v) < 1.

Since we can add any element of R to ¢ (and thus replace a by a plus
something in bR), we can assume that the imaginary part of § =z + iy is

between :I:@ by adding to it integer multiples of i@.

Now if 7@ <y < g, then N(% — k) < 1, where k is the closest

integer to x. Note that a — kb # 0 because a ¢ I.
Now we assume that @ <y< @, hence the imaginary part of 2 —
% lies between /3 — @ and 0. But 3v/3 > v 19, so § > @ —V3>

0, and we have that N(2% — %‘/ﬁ —1) < 1, where [ is the closest integer
to 2z — L.
2

1+iv/19
2

The only way this will not work is if 2§ — — 1 =0, which means

that 2¢ € R. Remembering that |y| < @, this means that we can assume
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that y = @. After adding integers to § we can assume that 7 = il%m,
so if we take u = %‘/ﬁ and v = —2 we have that
iv1 (V19 -1 1
O<N(u%7v) N<(Z 9+ )8(1 9 )+2> =<1,

and the proof is complete. |
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Solutions to the Exercises on Section [3.4]

Exercise [3.4.1] Show that

i) a field is a PID.

it) Z is a PID.

i11) Z[X] is not a PID by showing that the ideal generated by 2 and X is
not principal.

Solution: i) The only ideals are {0} and the field itself.

ii) This is Exercise

iii) Assume that 2Z[X] + XZ[X] = dZ[X] for some d € Z[X]. Since 2 €
dZ[X] it follows that deg(d) = 0, and since X € dZ[X] it follows that
d==+1, so we get 1 = 2f + Xg for some f, g € Z[X]. If we specialize X to
0, we see that 2 | 1 in Z, a contradiction.

Exercise [3.4.3] Show that

i) Z[i] and K[X], where K is a field, are PIDs.

it) If R is a domain, then R[X]| is a PID if and only if R is a field.
Solution: i) Follows from Theorems [3.3.4] [3.3.11} and [3.4.2]

ii) If R is a field, the assertion follows from i). If a is non-zero and a non-
unit, then as in the solution to Exercise iii) we get that 1 = af + Xg,
so the constant term of the right hand side is 1. This is a contradiction,
because the constant term of the right hand side is 0 or a.

Exercise 3.4.4] Show that a PID is a GCD-domain.
Solution: See Exercise B.1.1

Exercise Is Z[iv/5] a PID?
Solution: No, see the proof of Proposition|3.1.13, which shows that Z[iv/5]
is not a GC' D-domain.

Exercise Use Proposition[3.4.8 to give another proof of the fact that
in a PID any irreducible is prime.

Solution: Let ¢ be an irreducible. By Proposition [3.4.8] ¢gR is maximal,
so it is prime. Then g is prime by Proposition [3.2.3]

Exercise [3.4.10] Let

1+z\/19] _ {a+b1 +;\/19 wbe Z}'
Prove that:
i) Z {@} is a subring of C, and therefore it is a domain.

2
i) N+ 2 [ LE/10) 5 N, defined by N (a+b1519) = a2 + ab+ 50 is

Z
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multiplicative.
iii) The field of fractions of Z [%} is

Q[iv19] = {a + biV19 | a,b € Q}.
i) U (Z [%D ={1,-1}.

Solution: i) The only thing we need to check is closure under multiplica-
tion, the rest are obvious. We compute

14iv1 1+4iV1 14iV1
<a+b—|—;/§> <c+d+;/§> :ac—5bd+(bc+ad+bd)++/§
ii) We have
<a+b1+é\/ﬁ> <a+b1+é\/ﬁ> =a® + ab + 5b°.

iii) We denote by K the field of fractions of Z [HZT‘/E} We have

a+b%_2ac+10bd+bc+ad+ be—ad . so
a2 tedthd 2 fadt5d)

so K C Q[iv/19]. Conversely,

a+c_ 1971)0—2ad—&—2bc%‘/E
p Tatv T 2bd :

so Q[iv/19] C K as well.
iv) If u = a+ b“’gi‘/ﬁ is a unit, by ii) we have that a® + ab + 5b* =
(a+ %)%+ 22b? = 1. It follows that b =0 and a = *1.
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3.5 Unique Factorization Domains

In this section we study domains in which the analog of the Fundamental
Theorem of Arithmetic (see Theorem [1.2.23)) holds. We note first that the

uniqueness part is true in any domain:

Exercise 3.5.1 Let R be a domain, and assume that py1,pa,...,pn, and
41,92, - - - Qm are prime elements of R such that

Pip2: - Pn = 4192 qm-
Then n = m and each of the p; is associated in divisiblity to one of the g;.

Definition 3.5.2 A domain R is called a Unique Factorization Domain
(UFD for short), if any non-zero element which is not a unit can be writtem
as a finite product of prime elements.

Exercise 3.5.3 A PID is a UFD.
Exercise 3.5.4 In a UF D, any irreducible is prime.

If Ris an UF D, and we pick one representative in each class of elements
associated in divisibility with a prime, we obtain a family of primes {p; }ics
such that any a € R, a # 0 can be written as

a= quf", (3.3)
iel

where u € U(R) and only a finite number of k; € N are non-zero. This
decomposition is then unique, i.e. if we also have that

_—
il
with the same properties as (3.3]), then v = v and k; =n; Vi € I.
Exercise 3.5.5 Let R be a UFD. If a,b € R\ {0} have factorizations as

a= quf”, b= va?f‘.
iel iel

Show that:
i) If d = Hielpfi, where k; = min{m;, n;}, then d = (a,b).
it) If m = Hielpéi, where l; = max{m;,n;}, then m = [a,b].
it1) R is a GCD-domain.
w) If a,by,ba, ..., b, € R satisfy 1 = (a,b;) for 1 < i < n, then 1 =
(a, b1b2 s bn).
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The following result lists several characterizations of UF Ds.

Theorem 3.5.6 The following assertions are equivalent for a domain R:
i) R is a UFD.

it) Every non-zero non-unit element of R can be written as a finite product
of irreducibles, and any irreducible is prime.

i11) Every non-zero non-unit element of R can be written as a finite product
of irreducibles, and the factorization is unique modulo the order of factors
and association in divisibility.

iw) R is a GCD-domain and every non-zero non-unit element of R can be
written as a finite product of irreducibles.

Proof: i) < ii) follows from Exercise [3.5.4]

i) < iv) follows from Exercise

ii) = iii) is clear.

iii) = ii). Assume that iii) holds, let ¢ be an irreducible, and assume that
q | ab, i.e. ab = qq’. By the uniqueness of the factorization we get that ¢ | a
or q | b,i.e. qis prime and the proof is complete.

Definition 3.5.7 If R is a UFD and f € R[X], the content of f, denoted
by c(f), is the greatest common divisor of all coefficients of f. We say that
f is primitive if ¢(f) = 1 (this means that there is no prime element in R
that divides all coefficients of f). It is clear that if f € R[X], then we can
write f = c(f)f1, where f1 € R[X] is primitive.

Exercise 3.5.8 Let R be a UFD, and f,g € R[X]. Then:

i) If c(f) = c(g) = 1, then ¢(fg) =1 (i.e. the product of primitive polyno-
mials is primitive).

it) In general, c(fg) ~a c(f)ec(g).

itt) If a € R, a # 0, g is primitive, and g | af, then g | f.

i) If both f and g are primitive and af = bg, a,b € R\ {0}, then f ~q4g.

From Exercise [2.6.12] v) we get that if F is a field, then f € F[X] is
irreducible if and only if we cannot write f = gh, where deg(g), deg(h) <

deg(f).

Exercise 3.5.9 Let F be a field, and f € F[X]. Prove the following as-
sertions:

i) If deg(f) = 1, then [ is irreducible.

it) If deg(f) is 2 or 8, then f is irreducible if and only if f has no roots.
iii) F[X]/(X —a)F[X]~F.

w) Ifa,be F,a#b, then 1 = (X —a,X = ).

Proposition 3.5.10 Let R be a UFD and K its field of fractions. The
following assertions are equivalent for f € R[X] with deg(f) > 1:
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i) f 1is irreducible in R[X].
it) f is primitive and irreducible in K[X].

Proof: i) = ii). It is clear that f is primitive. If f = gh, with g, h € K[X],
deg(g),deg(h) < deg(f), we can multiply both sides by a, which is the
product of all denominators of coefficients of g and h, and get af = g1hq,
g1,h € R[X], deg(g1),deg(h1) < deg(f). Then af = c(g91)g2h1, and by
Exercise iii) we get that g2 | f, a contradiction.

ii) = 1) is clear. |

Proposition 3.5.11 If R is a UF D, then any irreducible polynomial in
R[X] is prime.

Proof: If deg(f) = 0, then f is irreducible in R, hence prime in R, and so
it is prime in R[X] by Proposition [3.2.6] If deg(f) > 1, then f is primitive.
Assume that f | gh in R[X]. Since f is irreducible in K[X] by Proposition
3.5.10| (K is the ring of fractions of R), then it is prime, so let us assume
that ¢ = ff; for some f; € K[X]. If we let a € R, a # 0, be such that
af; € R[X], then we get that f | ag in R[X], so f | g in R[X] by Exercise

|

iii).

Theorem 3.5.12 (Gauss) If R is a UFD, then R[X] is a« UFD.

Proof: We use Theorem ii). By Proposition [3.5.11} it is enough
to show that any non-zero non-unit f € R[X] can be written as a finite

product of irreducibles. We use induction on deg(f). If deg(f) = 0, then
f € R is a finite product of primes in R, which are primes in R[X], and
therefore irreducible. If deg(f) > 1 we can write f = ¢(f)f1, where f; is
primitive, so we can assume that f is primitive. If f is not irreducible,
then f = gh, where deg(g),deg(h) < deg(f). By the induction hypothesis,
booth g and h are finite products of irreducibles, and therefore so is f. 1

Corollary 3.5.13 If R is a UFD, then R[X1, Xa,...,X,] is a UFD for
n>1.

We end this section with some irreducibility criteria for polynomials with
integer coefficients. If p € Z is a prime number and f € Z[X], we will
denote by f € Z,[X] the image of f via the ring morphism from Z[X]
to Zp[X] that sends X to X and each integer to its coset modulo p (see

Theorem [2.6.13|).

Theorem 3.5.14 (Schénemann’s Criterion) Let f = g" + ph, where
g.h € Z|X], p € Z is prime, § € Zy[X] is irreducible, and Gt h in Z,[X].
Then f is irreducible in Q[X].
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Proof: Assume that f = fifo, where deg(f1),deg(f2) < deg(f), and
f1, f2 € Q[X]. We can assume that fi, fo € Z[X], because we can write f =
e f'f", where 1 = (a,b) and f', f" € Z[X] are primitive. Then be(f) = a, so
¢ €Z. Now g" = f = fif2, and since § is irreducible we get that f; = g~
and fy = "%, where k,n—k > 1. Then f; = ¢"+phi, and fo = ¢" F+pho,
so f = g"+ph = (¢" +phi)(g" " +ph2) = g" +ph1g" " +phag” +p*hihs.
It follows that h = h1g" % + hag”® + phiha, so g | h, a contradiction. |

Corollary 3.5.15 (Eisenstein’s Criterion) Let
f=a, X" +a, 1 X" ' 4+... +a1X +ay € Z[X],

and p € Z a prime such that p{ a,, p|ag, p|ai, ... p| an_1, and p* 1 ag.
Then f is irreducible in Q[X].

Proof: We can multiply f by an integer such that a,, = a™, where a =1
(mod p). Then we can write f = (aX)™ + pg, aX = X is irreducible in
Zy[X], and X 17 in Z,[X] because p? { ag. The assertion then follows from
Theorem [3.5.14 |

Exercise 3.5.16 Let p € Z be a prime. Use Fisenstein’s Criterion to
show that f(X) = XP~1 + XP=2 + ...+ X + 1 is drreducible in Q[X]
(since it is primitive it will also be irreducible in Z[X]). Can you also
use Schonemann’s Criterion?

Exercise 3.5.17 Show that for each n > 1 there exists an irreducible poly-
nomial of degree n in Z[X].

Proposition 3.5.18 (The Reduction Criterion) Let f € Z[X]. If f is

irreducible in Zy[X] and deg(f) = deg(f), then f is irreducible in Q[X].

Proof: If f = gh, where deg(g),deg(h) < deg(f), then f = gh, and since

deg(g) < deg(g) and deg(h) < deg(h), we have deg(g),deg(h) < deg(f) =
|

deg(f), a contradiction.
An application of Proposition [3.5.18]is the following

Proposition 3.5.19 If p is a prime number, and p { a, then the Artin-
Schreier polynomial XP — X + a € Z|X] is irreducible.

Proof: We use Proposition [3.5.18 and prove that X? — X +@ € Z,[X] is
irreducible. If it is not, let f | XP — X +@, f irreducible, and 1 < deg(f) <

p—1.

We have the following possibilities:
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Case 1. f(X) # f(X +a). In this case we have that f(X +ia) # f(X +ja)
forall 0 <i# j <p—1. Indeed, if f(X +ia) = f(X + ja) for some i # j,
it follows, after replacing X by X — ia, that f(X) = f(X + ka), where
1= (k,p), so hk +np = 1. We then get that f(X) = f(X + hka) = f(X +
a—npa) = f(X+a), a contradiction. We now write X?—X+a = f(X)g(X),
and we get that for ¢ € {0,1,...,p—1}:

XP—X+4a=(X+ia)P? - X —ia+a= f(X+ia)g(X +ia),

where we used Fermat’s Little Theorem (Exercise [2.3.16 viii)). It follows
that X? — X 4@ is divisible by p different polynomials, so each of them has
degree one. Since X? — X + @ has no roots in Z,, this is a contradiction.

Case 2. f(X) = f(X +@). In this case we have f(X) = f(X + ia) for all
0<i<p-—1. Let g(X) = f(X)— f(0), which has degree at most p—1. We
have that g(0) = f(0)—f(0) = 0, and g(ia) = f(ia)—f(0) = f(0)—f(0) =0
for all 0 < ¢ < p— 1. Then g has p roots, so g = 0, which means that
f(X) = f(0), which contradicts 1 < deg(f) <p— 1. 1

Exercise 3.5.20 For a domain R, the following assertions are equivalent:
i) Ris a UFD.
it) Any non-zero prime ideal of R contains a prime element.

Proposition 3.5.21 (Nagata) Let R be a domain with the property that
every ascending chain of principal ideals of R:

aleagRgagRg...

stabilizes. If S is a multiplicative subset whose elements are products of
primes, and ST'R is UFD, then R is UFD.

Proof: Assume that the elements in S are products of prime elements from
{pi}tier. Let P # {0} be a prime ideal of R. If PN .S # ), then P contains
a prime. Assume this is not true. We therefore have that P NS = (), and
by Exercisei) we get that S™'P = {2 | p € P,s € S} is a prime ideal
of ST'R. It follows that S~!'P contains a prime Pin S 'R, and therefore
€ S7'P and % is prime in ST'R. Let p | ab. It follows that ¥ | ¢ or
| % If 2] ¢, then apipz---pr = pe. If none of the p; divides p, then
all p; | cand so p | a. If p; | p, then p = a;p;. If some p; | p;, we have
a; = a;+1p;j, and so on. We get the ascending chain of principal ideals of
R:

=S =S

pRCa; Cair1RCai2RC ...,

which stabilizes at a;R. Then we can replace p by a;, since aTJ € S 'Ris
still prime, and we are done. |
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Exercise 3.5.22 Let p be a prime element in the domain R, and S =
{1,p,p%,0%,...}. If ST'R is UFD, then R is UFD.
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Solutions to the Exercises on Section [3.5]

Exercise Let R be a domain, and assume that p1,p2,...,pn, and
q1,92, - - - @m are prime elements of R such that

Pip2 - Pn = 4192 Gm-

Then n = m and each of the p; is associated in divisiblity to one of the g;.
Solution: This is identical to the proof of uniqueness in Theorem
Assume that n > m and look for a contradiction. We have that p; |
4142 * * * ¢m, SO we can assume that py | ¢;. Since g; is prime, it is irreducible,
SO p1 ~q q1. Then, since R is a domain, we can cancel p; from both sides,
and continue until we cancel p; through p,,. But then p,,41 divides a unit
and it therefore has to be a unit, a contradiction.

Exercise 3.5.3| A PID is a UFD.
Solution: This follows from Theorem

Exercise [3.5.4] In a UF D, any irreductible is prime.
Solution: Let ¢ € R be an irreducible. Since ¢ # 0 and ¢ ¢ U(R), g has
to be divisible by a prime, so it has to be associated in divisibility with it.

Exercise Let R be a UFD. If a,b € R\ {0} have factorizations as in

a= qu;'“, b= va;”.
icl icl

Show that:
i) If d = r[ielpi‘”"7 where k; = min{m;, n;}, then d = (a,b).
it) If m = HieIpii, where l; = max{m;,n;}, then m = [a, b].
iii) R is a GCD-domain.
w) If a,by,ba,...,b, € R satisfy 1 = (a,b;) for 1 < i < n, then 1 =
(Cl7 b1b2 s bn)
Solution: i) As in the solution to Exercise we get that [],.; i’
Hie]p? if and only if r; <t;, Vi € I.
ii) [a,b] = ab/(a,b).
iii) If one of a or b is 0, then (a,b) is the other one.
iv) By iii) we can use induction and Exercise but we can also prove
this by showing that no prime p can divide a and b1bs - - - b,,. Indeed, such a
prime would have to divide a b;, and so it would have to divide (a,b;) = 1,
a contradiction.

Exercise Let R be a UFD, and f,g € R[X]. Then:
i) If ¢(f) = c(g) =1, then c(fg) =1 (i.e. the product of primitive polyno-
mials is primitive).
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it) In general, c(fg) ~a c(f)c(g).

iii) If a € R, a # 0, g is primitive, and g | af, then g | f.

i) If both f and g are primitive and af =bg, a,b € R\ {0}, then f ~4 g.
Solution: i) follows from Proposition if p € R is a prime element
and p | fg, thenp | f of p|g.

ii) We write f = ¢(f)f1 and g = ¢(g)g1, where f1,¢1 are primitive. Then
f9= (£)e(g) fron, and 50 c(£9) ~a e(f)elg)e(fr01) ~a c(f)e(g), by ).
iii) There is an h € R[X] such that af = hg. Then by ii) we get that
ac(f) = c(h), so we can write h = ac(f)h', and so af = ac(f)h'g, and after
canceling the a we get that g | f.

iv) follows from iii).

Exercise Let F be a field, and f € F[X]. Prove the following asser-
tions:

i) If deg(f) =1, then [ is irreducible.

it) If deg(f) is 2 or 8, then f is irreducible if and only if f has no roots.
iii) F[X]/(X — a)F[X] ~ F.

w) Ifa,be F,a#b, then 1 = (X —a,X - ).

Solution: i) 1 cannot be written as the sum of two positive integers.

ii) If 2 or 3 is written as the sum of two positive integers, one of them has
to be 1. If f is divisible by the degree 1 polynomial aX — b, then ba~! is a
root of f by Corollary

iii) Let ¢ : F[X] — F be the ring morphism from Theorem send-
ing X to a. By Corollary Ker(p) = (X — a)F[X], and we can use
Corollary

iv) The Euclidean algorithm for X — a and X — b has one step: X —a =
(X =0b)-14(b—a).

Exercise Let p € Z be a prime. Use FEisenstein’s Criterion to
show that f(X) = XP~1 + XP=2 + ...+ X + 1 is drreducible in Q[X]
(since it is primitive it will also be irreducible in Z[X]). Can you also
use Schonemann’s Criterion?

Solution: It is clear that f(X) is irreducible if and only if f(X +1) is irre-

. _xa _ XD =1 NS ()
ducible. But f(X)) = 5=, so f(X"_l)_f_; k X’

and since p | (Z) for k =1,...,p— 1, the leading coefficient is 1, and the
free term is p, we can use Theorem [3.5.14]

In order to apply Schénemann’s Criterion, observe that p | (X — 1)P —
XP+1,80 (X -1 —(XP —1) = —p(X — 1)g for some g € Z[X]. Then
f(X)= );';’:11 = (X — 1)P~! + pg, from where we can see that p{1 = g(1),
ie. X —1tgin Z,[X].
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Exercise [3.5.17| Show that for each n > 1 there exists an irreducible poly-
nomial of degree n in Z[X].

Solution: Apply Theorem to the primitive polynomial X" — 2 for
p=2.

Exercise For a domain R, the following assertions are equivalent:
i) R is a UFD.

it) Any non-zero prime ideal of R contains a prime element.

Solution: i) = ii). Let P be a non-zero prime ideal, and 0 # « € P. By
Definition [3.5.2] = is a product of primes, so P will have to contain one of
them.

i) = i). Let

S = {p1p2 - -pr | p; are prime elements in R}.

As in the solution to Exercise[3.5.1] S is saturated: if ab = pips - - - py, then,
after renaming the primes, a = up1ps - - - p; and b = vp;11P;y2 - - - Pk, Where
wv=1.If a# 0 and a ¢ U(R), such that a ¢ S, then aRN S = () because
S is saturated. But by Proposition a belongs to a prime P disjoint
from S, and this is a contradiction (the hypothesis ensures that no primes
are disjoint from S).

Exercise Let p be a prime element in the domain R, and S =
{1,p,p?,p%,...}. If ST'R is UFD, then R is UFD.

Solution: Let P be a non-zero prime ideal of R. We can assume PNS = (),
so S~ P contains a prime element 1e S7IR. We can assume p { q. If ¢ | ab,
then | ¢ - %, so let’s say { | §. This means that ap® = qc for some k and
¢, and since p t ¢ we get that p* | ¢, so ¢ | a and we are done.



3.6. ROOTS OF POLYNOMIALS 165

3.6 Roots of polynomials

We start this section with a warm-up: finding relations between the roots
of a polynomial and its coefficients. They extend the well-known formulas
for the sum and the product of the roots of a quadratic equation.

Proposition 3.6.1 (Vieta’s Formulas) Let R be a domain, and f =
an X"+ an 1 X" P+ ..+ a1 X +ag € R[X] a polynomial of degree n. If

T1,Z2,...,Ty are Toots of f in a domain T that contains R as a subring,
then
f=an(X —2)(X —22) - (X — )
and
an, Z T iy iy | = (D) an_p, k€{1,2,...n}

1<i1<i2<. i <n

Proof: The first equality is obtained by applying Bézout’s Theorem (Corol-
lary n times, to get f = g(X — 21)(X — x32)--- (X — ;) for some
g € T[X]. It follows that deg(g) = 0, and g = a,, by identifying the coef-
ficients of X™ on the left and the right. The other n equalities follow by
identifying the other n pairs of coefficients. |

Exercise 3.6.2 If x1, 72,23 are the roots of X° — 3X% + 1 € Z[X], find
i+ 23 + 25 — A(23woxs + 12373 + T1T272).

Finding roots of polynomials, i.e. solving polynomial equations, is a very
old sport. The following result shows that in this sport you can easily score
if you enlarge the goal.

Proposition 3.6.3 Let K be a field and f € K[X], deg(f) =n > 1. Then
there exists a field L that contains K as a subfield (such an L is called a
field extension of K ) such that f has n (not necessarily distinct) roots in
L.

Proof: Induction on n. If n = 1, it is clear that f has a root in K, so
in this case we can take L = K. We now assume that n > 1 and the
assertion is true for polynomials of degree at most n — 1. Since K[X] is a
UFD, we let f1 be irreducible in K[X] such that f = fifo. Since K[X] is
a PID, the ideal generated by fi is maximal, so L; = K[X]/(f1K[X]) is
a field. Since the composition of the canonical injection K — K[X] with
the canonical surjection K[X] — K[X]/(f1K[X]) is injective (what is its
kernel?), we can identify K with its image through it, and assume that L;
is an extension of K. If we denote the coset of X modulo fiK[X] by X,
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it is clear that 1 = X is a root of f1, and hence a root of f. By Bézout’s
Theorem (Corollary [3.3.7), we can write f = (X — 21)g, where g € L;[X]
and deg(g) = n — 1. By the induction hypothesis there exists an extension
L of Ly which contains n — 1 roots for g, and if we add x; to this set, we
find n roots of f in L. |

We use Proposition to extend R to C as described in the introduction.

Corollary 3.6.4 Consider the polynomial X? + 1 € R[X]. Then:
i) There exists L an extension of R such that X2 + 1 has both roots in L.
it) L ~ C.

Proof: i) Since X2 + 1 is irreducible in R[X] (it has no roots in R),
L =R[X]/(X?+1)R[X] is a field that we may assume is an extension of R.
X241 has both roots in L, they are X and —X (where X denotes again the
coset of X modulo (X2 +1)R[X]). By the division algorithm, the elements
of L = R[X]/(X?+1)R[X] can be written as (X2 + 1)g + a + bX = a+bX,
where ¢ € R[X] and a,b € R.

ii) The map from L to C sending a + bX to a + bi is an isomorphism. I

Note that Corollary gives the description of the complex number i
announced in the introduction: 4 is “the coset of the indeterminate in the
factor ring of the polynomial ring in one indeterminate X with real coef-
ficients factored through the principal ideal generated by the polynomial
X? + 17, and therefore C can be constructed as C ~ R[X]/(X? + 1) =
R[X]/(X? + 1)R[X]. Next, as it was also mentioned in the introduction,
we see that we cannot extend C to a larger field by adding solutions to
polynomial equations with complex coefficients. This is the next result,
which says that C is algebraically closed. All known proofs of this result
use results from outside algebra. The proof presented here, essentially due
to Lagrange, keeps those to a minimum. A very spectacular proof uses
Liouville’s Theorem from complex analysis. If you did not take a complex
analysis class yet, it might be an excellent idea to do that next. If this
is not possible, an acceptable alternative could be reading George Cain’s
book [I0].

Theorem 3.6.5 (The Fundamental Theorem of Algebra) Any poly-
nomial f € C[X], deg(f) > 1, has a root in C.

Proof: First, assume that f € R[X] and n = deg(f) = 2¥m, where m is
odd. We prove by induction on k that f has a root in C.

If k£ = 0, then, if we also denote by f the real polynomial function defined
by f, we have that Ilgg() f(@)f(—z) = —oco since n is odd, so f has a real
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zero because it has the intermediate value property. We also note that a
quadratic polynomial with complex coeflicients has two complex roots, by
the fact that each complex number has a square root and the quadratic
formula.

We assume now that & > 0 and the assertion is true for the maximum
power of 2 dividing n = deg(f) less than or equal to k — 1. By Proposi-
tion there exists a field L, an extension of C, such that f has roots
T1,%2,...,Ly € L. For a € R, consider the elements

ug; = v +a(v; + ;) € L,

and the polynomial

Ja = H (X*U%)GL[X],
1<i<j<n
which has degree "("2+1), which is divisible by 2= but not by 2*. The
coefficients of g, are symmetric polynomials of the u;, and therefore also
symmetric polynomials of x1, s, ..., ., so by Theorem and Propo-
sition Jgo € R[X]. By the induction hypothesis, g, has a complex
root, and this is true for all @ € R. Since R is infinite and the set of pairs
1 <i < j < nis finite, there exist a,b € R, a # b, and 3,75, 1 <1i < j < mn,

such that uf;, ué’j € C. But then

uf; —ug; = (a—b)(z; + 2;) € C,
and so x; + z; € C, and therefore x;x; € C as well. It follows that z; and
x; are the roots of a quadratic polynomial with complex coefficients, and
therefore they are complex numbers.
Assume now that f € C[X], f =ao+ a1 X +...+a, X", and let f be the
polynomial whose coefficients are the complex conjugates of the coefficients
of f:

f=a+mX +...+a,X".

Then each coefficient of ff is equal to its complex conjugate, i.e. ff e
R[X], so it has a complex root z. But then f(2)f(2) = f(2)f(Z) = 0, and
so either z is a root of f, or z is a root of f, i.e. Z is a root of f, and the

proof is complete. 1

We have seen in Exercise [3.5.17| that in Q[X] there are irreducible polyno-
mials of any degree > 1.

Exercise 3.6.6 i) Prove that an irreducible polynomial in C[X] has degree
1.

ii) Prove that an irreducible polynomial in R[X] has degree 1 or degree 2
and no real roots.
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We will now prove a theorem that you used in Mrs. Turner’s 3" grade
calculus class: the Partial Fractions Decomposition Theorem. Remember
that Mrs. Turner told you that even though you are using this theorem in
calculus, the proof actually uses arithmetic in polynomial rings.

Theorem 3.6.7 Let f,g € R[X], deg(f) < deg(g) and (f,g) = 1. If g
factors as a product of irreducible polynomials like this:

9= (X —a)" -+ (X —an)r

(X2 + le + Cl)ll e (X2 + an + Cn)lna

then there exist real numbers A%, B, C% such that

f__ A Al
giX—a1+ +(X—a1)k1+ +
B'X +C7 BZX—&-C[;

X2 +b,X +c, (X2 +b,X +cp)ln’

Proof: We start with a rational fraction L, where f, g1, 92 € R[X] are

9192
pairwise relatively prime and deg(f) < deg(gig2). We will find fi, fo €
R[X] such that deg(f1) < deg(g1), deg(f1) < deg(g1), and

fo_h o f

9192 91 92
Since (g1,92) = 1, there exist hy, ha € R[X] such that

[ =hig1 + hago (3.4)

Using the division algorithm in R[X] we can write
ha =qg1 + f1, where deg(f1) < deg(g1). (3.5)

Using (3.5) in (3.4), distributing g2, factoring out g;, and denoting fo =
h1 + qg2, we get

= fig2 + fag1,
and so

f _h_f
g192 g1 g2

The only thing left to prove is that deg(f2) < deg(g2). We assume that
deg(f2) > deg(gz), and look for a contradiction. Then we have

deg(f291) > deg(g192) > deg(f192),
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and so
deg(f) = deg(f2g1) = deg(g192),
wich contradicts the hypotesis.

Now we use what we just proved for g; = p¥, p € R[X] irreducible (and
therefore of degree 1 or 2 by Exercise ii)), and g = g192 such that
p1g2. We get
Lot
P92 p g2
where deg(f1) < kdeg(p), and deg(f2) < deg(g2). We now use repeatedly
the divison algorithm to get

i  qp+n
T
T1 q1
= —+
Pk pkel
TL  Q2p+T2
= =4
P ph—1
1 T2 g2
pk | ophe1 T phe2
1 T2 Tk—2 qk—2
= —+—0—+... +
pk | phel 3 P2
1 T2 Tk—2 Tk—1 qk—1
= -+ o - + 2=
pF o phTl P p? p
If deg(p) = 1, then ri,79,...,76-1,q.—1 € R, and if deg(p) = 2, then
71,72y« Tk—1,qk—1 € R[X] all have degree at most one. We continue

working on é in a similar way until we exhaust all powers of irreducibles
g2

that divide g. |

If you were wondering when you will learn what “algebraically closed”

means, the wait is over.

Definition 3.6.8 If K is a field, an element « in a field extension of K is
said to be algebraic over K if o is the root of a polynomial in K[X]. If any
algebraic element over K is in K, we say that K is algebraically closed. A
complex number which is algebraic over Q is called an algebraic number.

Exercise 3.6.9 Which of the fields Q, R, and C are algebraically closed?

Theorem 3.6.10 (Zariski’s Lemma over C) If M is a mazimal ideal
of the polynomial ring C[X1, Xs, ..., X,], then

C=C[X1,Xa,...,X,]/M.
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Proof: (Kaplansky) If C C C[Xy, Xs,...,X,]/M, then
dt e (C[Xl,Xg, . ,Xn]/M

transcendental over C, because C is algebraically closed. The family

=
t—a a€eC

is linearly independent, because the top of any non-trivial linear combina-
tion equal to 0 produces a polynomial with complex coefficients which has
t as a root. This contradicts the fact that C[X7, X, ..., X,]/M is spanned
by the cosets of the monomials, which is a countable set. |

Exercise 3.6.11 i) Show that if K is a field and ay,as,...,a, € K,
then the ideal generated by X1 — a1, Xo — as, ..., Xy — an is mazimal in
K[X17X27"'7Xn}‘

it) (Weak form of Hilbert’s Nullstellensatz over C) If M is a mazimal ideal
of C[X1, Xa,..., X,], then M is generated by X1 —a1, Xo—az, ..., Xp—an,
for some ay,as,...,a, € C.

Exercise 3.6.12 Let K be a field, and o« an algebraic element over K.
Then « is a root for a unique monic polynomial Irr(a, K), which divides
any polynomial in K[X] that has o as a root. gga, K) is called the minimal
polynomial of a over K. The degree of a is deg(Irr(«a, K)). (Hint: start
by choosing a polynomial with the lowest degree among all polynomials in
K[X] that have « as a root.)

Definition 3.6.13 Let R be a domain. An element of a domain that con-
tains R as a subring is called integral over R if it is the root of a monic
polynomial in R[X]. If any element in the field of fractions of R which is
integral over R is in R, then R is said to be integrally closed. An algebraic
number that is integral over Z is called an algebraic integer. Since the word
“algebraic” in “algebraic integer” is sometimes omitted, the elements of Z
are also called rational integers in order to avoid confusion.

Real numbers that are not algebraic numbers are called transcendental. It
may be proved that e and 7 are transcendental. The number ¢ is obviously
an algebraic integer.

Exercise 3.6.14 Prove that Z is integrally closed.

Exercise 3.6.15 i) Give an example of an algebraic integer that is not a
rational integer.
it) Give an example of an algebraic number that is not an algebraic integer.
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Exercise 3.6.16 If o is an algebraic integer, then Irr(a, K) € Z[X].
Theorem 3.6.17 Let R be a domain, K its field of fractions, and n € N,

n > 1. Assume that o, 01,04, . ...,0,, are elements in an extension of K such
that 01,05, ...,0, are not all zero and the following equalities are satisfied:
al; = a;101 + appbs + ...+ ainb,, i=1,2,...,n, (36)

where the n? coefficients a;; € K. Then « is algebraic over K. Moreover,
if a;; € R for all 1 < 1,5 < n, then o is integral over R.

Proof: We use a result from linear algebra (see e.g. [37]): since the
homogeneous system (3.6)) has a non-trivial solution, its determinant has
to be zero:

Q@ —ayy —ai12 T —Q1in
—a21 a — a2 - —Aa2n 0
—0Qn1 —Qn2 e @ — Apn

After expanding the determinant we get o™ +b,_1a" ' 4---+bja+by = 0,
where the by are sums of products of the elements —a;;. Hence b, € K,
and by € R if a;; € R. |

Corollary 3.6.18 Let R be a domain, and K its field of fractions. If a and
B are algebraic over K, then o+ 3 and af are algebraic over K. If a and
B are integral over R, then o+ 8 and af are integral over R. Therefore,
the elements algebraic over K in a field extension L of K form a field,
called the algebraic closure of K in L, and the elements integral over R in
a domain T that contains R as a subring form a ring, called the integral
closure of R in T.

Proof: Assume that o and 3 satisfy
Q" 4 @™ g+ ag = 0,

B+ b1 4+ b1 B+ by =0,

where a;,b; € K. Let n = mr, and define 61,0,,...,0, as the elements
17 a, 042, T am—17
Ba O‘ﬂ? 042/6, Tty amil/Ba
ﬁr—l aﬁr—l a2ﬁr—1 .. am—lﬁr—l
b ) ) ) b
in any order. Thus 6,0, ..., 0, are the elements a*3, where 0 < s < m—1

and 0 <t <r — 1. Hence, for any i we have

sl some 6y, fs+1<m-1
ofi=a ﬁ_{(am—lamlmamao)ﬂt ifs+1=m
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Therefore we can find h;1, b, ..., hin € K such that
abf; = h;j1601 + hioba + ... + hinb,.
Similarly, we find k;q, k;2, ..., kin € K such that
BO; = ki101 + kig0 + ... + ki,
and so
(a4 B8)0; = (hir + ki1)61 + (hiz + ki2)02 + ... + (hin + Ein)bn,

which are of the form , and so a + § is algebraic over K. Moreover, if
o and 3 are integral over R, then a;,b;, h;j,k;; € R, and o + 8 is integral
over R.

Now we have

(ap)d; = Oé(z kijb;)
Z]k‘ijat%
z]:kij Zl:hjlel
J
XI:(Z kijhji)or,
J

and we can apply again Theorem to conclude that af is algebraic
over K, and that it is integral over R if a and f are.

The only other things left that are worth proving are the following:

If o is algebraic over K, a # 0, and Irr(a, K) = X™ + a1 X™ L4 +
a1 X + ag, then ag # 0 and

apla™ )™ +ar(a )™+ b a0t +1=0,
so a~! is algebraic over K (note that if « is integral over R, a~! is not
integral over R if ag ¢ U(R)).
If « satisfies
Q™+ a1 o+ aja4ag =0,

then —« satisfies

Q™ = @™ e (=)™ a4 (—1)™ag = 0.
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Corollary 3.6.19 The algebraic numbers form a field, and the algebraic
integers form a ring. We will denote the ring of algebraic integers by A.

Exercise 3.6.20 Let d € Z \ {0,£1} be square-free, i.e. ptdVp € Z a
prime number. Then

Q(Vd) = {a+bVd| a,b € Q}
s a field.

Definition 3.6.21 Q(v/d), as in Exercise |3.6.20, is called a quadratic
field. The ring of algebraic integers in a quadratic field will be called a
ring of quadratic integers.

Exercise 3.6.22 Let Q(\/d) be a quadratic field, and denote by A the ring
of algebraic integers in Q(v/d) (see Corollary . Ifz=a+b/d e
Q(Vd), we denote by

Tr(z) =z +%=2a, and N(z) = 2Z = a® — b?d.

Prove that:

i) A={z=a+b/decQ(Wd)|Tr(z),N(z) € Z}.

i) 2€E A u=2a€Z,v=2b€Z, u —v3d=0 (mod 4).

Z’L’L) If Z1 =a1 + bl\/a, Z9 = a2 + b2\/g € A, then 2(&1&2 + blbgd) e 7.

Theorem 3.6.23 Let Q(\/ﬁ) be a quadratic field, and A its ring of inte-
gers. Then

) Z[Vd] = {a+bVd | a,b € Z} if d = 2,3(mod 4)
Z[H—Qﬂ}:{a—kb#m,bez} if d = 1(mod 4)
Proof: If z = a + bvd € A and d = 2(mod 4) we have

u even odd even odd
v even even odd odd
u?—202 =0 =1 =2 =3 (mod4)

and if d = 2(mod 4), we have

U even odd even odd
v even even odd odd
uw?+0v?2 =0 =1 =1 =2 (mod4)

so if d = 2,3 (mod 4) v = 2a and v = 2b are both even, so both a and b
are in Z.
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If d = 1(mod 4), we have

u even odd even odd
v even even odd odd
u?—v? =0 =1 =3 =0 (mod4)

so in this case

A= {g + gd ‘ u,v € Z have the same parity} .

We need to show that
14+Vd
2

A=7Z

For Q,a—i—b”—ﬁ:%”—k%\/a.
For C we have, if u = 2a and v = 2b, thata+b\/g:a—b+2b1+T\/E.
If u=2a+1and v=2b+1, then

2 1 2b+1
2

241+ (2b+1)Vd  2a+1-2b—1+(2b+1)(1+Vd)
N 2 N 2

14+Vd
2 b

and the proof is complete. |

=a—b+(20+1)

Exercise 3.6.24 i) Let R C T C T', where R, T, and T' are domains.
Then:
i) If v € T' is a root of

X"+ by X"+ 0 X + b € TIX],

and b; are integral over R, for each i = 0,1,...,n — 1, then 7 is integral
over R.

it) If K is the field containing the field of fractions of R, and T is the
integral closure of R in K, then T is integrally closed. In particular, a ring
of quadratic integers and the ring of algebraic integers are integrally closed.

The quadratic field Q(\/&) is called real if d > 0, and imaginary if d <
0. One of the most important questions about quadratic fields was to
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determine for which values of d the ring of integers A is a PID. For
imaginary quadratic fields, Gauss found in 1801 that this is true if

d=—1,-2,-3,—7,—11,—19, —43, —67, —163,

and conjectured that there are only finitely many such values of d. Heil-
bronn and Linfoot proved in 1934 that there are no more than 10 negative
values of d for which this happens, alnd thus gave an affirmative answer to
Gauss’s conjecture. Then a theorem of Baker, Heegner, and Stark (which
had various proofs, from the early 1950s to the late 1960s) established that
the nine values found by Gauss are in fact the only ones.

For the same question in the case of real quadratic fields almost nothing
is known. Gauss conjectured that there are infinitely many real quadratic
fields for which the ring of integers is a PID.

For us, Theorem [3.6.23| gives new information about two rings that we stud-
ied. We showed in Proposition [3.1.10| that Z[i/5] is not a GC D-domain,
and therefore it is not a UFD. We now know that Z[iv/5] is not inte-
grally closed, because the ring of integers of the quadratic field Q(iv/5) is
Z [%} 2 Z[iv/5]. In order to show that Z[iv/5] is not a UFD we can

use the following;:

Exercise 3.6.25 If R is a UFD or a GCD-domain, then R is integrally
closed.

We proved in Proposition [3.4.11| that Z [%] is a PID. Now we see

from Theorem [3.6.23] that this is a ring of quadratic integers. It is actually
one of the rings on Gauss’s list of nine PIDs.

We close this section with the generalization of Theorem [3.6.10| to arbitrary
fields:

Theorem 3.6.26 (Zariski’s Lemma) If K is a field, and
R=Klay,ag,...,ap]
1s also a field, then R is an algebraic extension of K.

Proof: (Azarang) Use induction on n. If n = 1, this is easy: K[aq] is a
field, so there exists a polynomial P € K[X] such that P(a;) = aj ', so oy
is algebraic over K because it is the root of the polynomial X P(X) — 1.

If n > 1, we assume that «; is transcendental over K and look for a
contradiction. By the induction kypothesis we have that the extension

K(an) CR=K(a)[ag,..., o)
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is algebraic, so the ring extension

1 1
Py(ar)’ 7 Pa(an)

D:K[Oél] QR

is integral (here, for 2 < ¢ < n, P;(a1) is the numerator of the leading
coefficient of Irr(a;, K(aq))). Now it is easy to see that if the field R is
an integral extension of the domain D, then D has to be a field as well.
Indeed, if 0 # = € D, then the inverse of = in R is integral over D:

(™" +dp ()" dir - dy =0,

1

and, after multiplying bothe sides by ™", we get

7l = —dp_1—...— dll‘n_Q — dol‘n_l eD.

Now choose an irreducible polynomial f(c;) that does not divide P;(aq)
for any 2 < i < n, and write f(a1)~! as an element of

1 1

D:K[Oll] PQ(OQ)’”"PQ(OQ)

to obtain a contradiction (note that this is the same proof as the one show-
ing that Q is not finitely generated as an abelian group, or as a Z-algebra).

With exactly the same proof as the one of Exercise [3.6.11} ii), we can now
prove

Corollary 3.6.27 (Weak form of Hilbert’s Nullstellensatz) If K is an alge-
braically closed field, and M is a mazimal ideal of K[X1, Xa,...,X,], then
M 1is generated by X1—a1, Xo—as, ..., Xpn—ay, for someay,as,...,a, € K.
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Solutions to the Exercises on Section 3.6

Exercise If 21,9, 23 are the roots of X3 — 3X? + 1 € Z[X], find
x} + x5 + 23 — A(23 o3 + w2303 + M17273).

Solution: The expressions on the left of the n Vieta’s Formulas in Propo-
sition are obtained by specializing the indeterminates X, Xs,... X,
at x1,x9,...,x, in the fundamental symmetric polynomials s1, ss, ... s,.
We will use the same notation for them:

$1=m1 +x2 + a3 = —(—3),

So = w109 + x123 + Tox3 = 0,
S3 = X1X2x3 — —1.

Then we write, as in Exercise [2.7.12|iv), o+ 5 + 23 — 4(x3w223 + 2120523 +
T12203) = 87 — 45289 + 253 = 81.

Exercise i) Prove that an irreducible polynomial in C[X] has degree
1.

it) Prove that an irreducible polynomial in R[X] has degree 1 or degree 2
and no real roots.

Solution: i) If f € C[X] is irreducible, then deg(f) > 1, so by Theorem
f has a root z € C. By Corollary f=(X —2)g, and since f is
irreducible we get that deg(g) = 0, so deg(f) = 1.

ii) By the proof of Theorem f has a complex root z. If z € R, then
f has deg(f) = 1 as in the solution for i). If z ¢ R, then the complex
conjugate Z is also a root of f and z # Z. Then f = (X —2)(X —%)g, where
(X —2)(X —2),9 € R[X], and, as above, we get that deg(g) = 0 and so
deg(f) = 2.

Exercise Which of the fields Q, R, and C are algebraically closed?
Solution: We have that i is an algebraic number, it’s the root of X2+1 €
Q[X] € R[X], but i ¢ R, so Q and R are not algebraically closed. By
Theorem and induction on the degree, any polynomial in C[X] of
degree at least 1 factors as a product of polynomials of degree 1, so all of
its roots are in C, i.e. C is algebraically closed.

Exercise i) Show that if K is a field and ay,as9,...,a, € K,
then the ideal generated by X1 — a1, X2 — ag, ..., X, — a, is mazrimal in
K[X1,Xs,...,X,].

it) (Weak form of Hilbert’s Nullstellensatz over C) If M is a mazimal ideal
of C[X1, Xa,..., X,], then M is generated by X1 —ay1, Xo—az, ..., Xn—an,
for some ay,as,...,a, € C.
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Solution: i) Let ¢ : K[X;, Xs,...,X,] — K be the ring morphism send-
ing X; to a;, 1 < i < n, obtained from Theorem [2.7.4l Using Corollary
we can write any f € K[X1,Xo,...,X,] as f = (X1 —a1)q1 + 71,
then 1 = (X2 — a2)g2 + 72, and so on until we get

=X —a)g+ (Xo—a2)ge+ ...+ (X5 — an)gn + 7n,

where ¢(f) = r, € K. From this we get that Ker(y) is generated by
X1 —a1,Xs —ag,..., Xy, —an, and ¢ : K[X1,Xs,..., X,]/Ker(¢) ~ K,
because ¢ is surjective.

ii) By Theorem [3.6.10| we get that there exists an a; € C such that X; —
a; € M, 1 <1i<mn,so M contains the ideal generated by X; — a1, Xo —
as, ..., X, —ay, and so it has to be equal to it by 1).

Exercise[3.6.12| Let K be a field, and o an algebraic element over K. Then
a is a root for a unique monic polynomial Irr(c, K), which divides any
polynomial in K[X] that has o as a root. Irr(a, K) is called the minimal
polynomial of @ over K. The degree of « is deg(Irr(a, K)). (Hint: start
by choosing a polynomial with the lowest degree among all polynomials in
K[X] that have « as a root.)

Solution: By the well-ordering principle we choose a polynomial f with
minimal degree among all polynomials in K[X] that have « as a root. If
g € K[X] and g(a) = 0, we write g = qf + r, where r = 0 or deg(r) <
deg(f). Since r(a) = 0, we have that » = 0, otherwise the minimality of
deg(f) would be contradicted. It follows that any polynomial that has «
as a root and has the same degree as f is associated in divisibility with
f, i.e. it is equal to af for some a € K, a # 0. There is only one monic
polynomial associated in divisibility with f, and that is Irr(«, K).

Exercise [3.6.14] Prove that Z is integrally closed.
Solution: The claim is that any rational algebraic integer is a rational
integer. Let ¢ € Q, (a,b) = 1, be an algebraic integer. Then ¢ satisfies

(%)” ¥y (%)n_l +...+a1% +ap =0,

where a; € Z, 0 < i <n — 1. After chasing away denominators we get
a" +bay_1a" . 4+ b0 aja +b"ag = 0,
so b | a™, and therefore b = +1.

Exercise [3.6.15| i) Give an example of an algebraic integer that is not a
rational integer.
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it) Give an example of an algebraic number that is not an algebraic integer.
Solution: i) v/2 is a root of X2 — 2 but it is not rational (see Exercise
12.20).

ii) 5 € Q is the root of 2X — 1, but it is not an algebraic integer, because
e

Exercise If a s an algebraic integer, then Irr(a, K) € Z[X].
Solution: We know that f = Irr(a, K) € Q[X], and f | g, where g €
Z[X] is monic, hence primitive. Let ¢ be the smallest integer such that
cf € Z[X]. Then cf has to be primitive, because if the prime p divides all
its coeflicients, then it divides its leading term, which is ¢, so % € Z has the
property that ©f € Z[X], which contradicts the minimality of c. Similarly,
if d is the smallest integer such that dh € Z[X], then dh is primitive. It
follows by Exercise[3.5.§]ii) that (cd)g = (cf)(dh)h is primitive, so cd = %1,
from which we get that both ¢ and d are £1, i.e. f,h € Z[X].

Exercise (3.6.20| Let d € Z \ {0,£1} be square-free, i.e. ptd Vp € Z a
prime number. Then

Q(Vd) = {a+bVd| a,b e Q}

s a field.

Solution: We first remark that by Exercise we have that v/d ¢ Q,
and so 0 = a+bv/d € Q(+/d) if and only if 0 = a—bv/d if and only if a = b =
0. Tt is easy to check that Q(v/d) is a subring of C. If 0 # a+bvd € Q(\/d),
then, as remarked realier,

(a +bVd)(a+bVd) = a® — b2d # 0,

and it is easy to check that the inverse of a + bv/d is

b
Wd)l=—%  _ d
(a+ V)™ = s — g Ve

algebraic integers in Q(v/d) (see Corollary  Ifz = a+bVd € Q(Vd),
we denote by

Exercise|3.6.22| Let Q(\/;i) be a quadratic field, and denote by A the ring of
“)

Tr(z) =z +%Z=2a, and N(z) = 2Z = a* — b*d.

Prove that:

i) A={z=a+b/dcQWd) | Tr(z),N(z) € Z}.

i) z€A S u=2a€Z, v=2bZ, u*—v2d =0 (mod 4).

ZZZ) If 21 =a1 + b1\/g, 22 = a9 + bg\/a S A, then 2(0,1&2 + blbgd) € 7.
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Solution: i) D. Let z € Q(v/d) such that Tr(z),N(z) € Z. Then z is a
root of X? —Tr(2)X + N(z) € Z[X], so z is integral over Z, and therefore
an algebraic integer.

D. If z € A, then z is an algebraic number. If z € Q, then z € Z by
Exercise so clearly Tr(z) = 22,N(z) = 22 € Z. If z ¢ Q, then
Irr(2,Q) = (X —2)(X —%) = X2 —~Tr(2)X + N(z), and by Exercise
we get that Irr(z,Q) = X? —Tr(2)X + N(z) € Z[X], i.e. Tr(z),N(z) € Z.

ii) =. If 2 € A, then by i) N(2) = a? — b%d € Z, so 4a® — 4b*d € 4Z, i.e.
u? —v2d = 0 (mod 4). Now also by i) Tr(z) = 2a = u € Z, so dv? € Z. Let
v =" (m,n) = 1. Then dm?® = n’k, and so if a prime p divides n, it has
to divide d, a contradiction. Thus v € Z as well.

<. We have Tr(z) = 2a € Z, and

2

N o —id= (1) - (1) a= T e,

so by i) z € A.

iii) f a4+ bvd € A, and a € Z, then b € Z. If a ¢ Z, then b ¢ Z and 2 { d.
Indeed, if b € Z, then a € Z, a contradiction. So b ¢ Z. If d = 2k, then
(2a)? — (2b)22k € 47, so (2a)? — (2b)%2k = 41, or (2a)? = 41 + 2k(2b)? =
2(21 + k(2b)?), i.e. 2| (2a)?, hence 2 | 2a, which contradicts a ¢ Z.

Now if one of a1,as € Z, this is clear. If none of them are integers, each
of a1, as, by, by can be written as an odd number over 2, and since d is odd
this is also clear.

Exercise [3.6.24] i) Let R C T C T’, where R, T, and T are domains.
Then:
i) If vy € TV is a root of

X"+ by X"+ 0 X + b € TIX],

and b; are integral over R, for each i = 0,1,...,n — 1, then vy is integral
over R.

it) If K is the field containing the field of fractions of R, and T is the
integral closure of R in K, then T is integrally closed. In particular, a ring
of quadratic integers and the ring of algebraic integers are integrally closed.
Solution: (C.D. Popescu) We know that for each ¢ € {0,1,...,n — 1}, b;
is the root of a monic polynomial f; € R[X], deg(f;) = k;. We denote for
i€{0,1,...,n—1} by

aj1 =bi, a0, ., 4k,
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the roots of f; in some field extension of K (see Proposition [3.6.3). We
form the polynomial

n n—1
f= 11 (X" 4+ an—1j, X"+ o, X+ o),
1<ji<ki,0<i<n—1

which is a monic polynomial, has v as a root, and its coefficients are sym-
metric polynomials in o1, 2,...,0;, for each i = 0,1,...,n — 1. By
Vieta’s Formulas (Proposition , each fundamental symmetric poly-
nomial in a;1,;2,...,q;k is in R, so after applying the Fundamental
Theorem of Symmetric Polynomials (Theorem n times, we get that
f e R[X].

ii) follows from 1i).

Exercise [3.6.25| If R is a UFD or a GCD-domain, then R is integrally

closed. a
Solution: Assume first that R is a UFD. If —, (a,s) = 1, satisfies
s

n n—1

+an—

87 Sn—l

a
+...+a1g+a0:0,

then
a" 4 ap_15a"V+ -+ a18" ta + ags" =0,

and so s | a™. Now if a prime p | s, it follows that p | a, a contradiction. So
a

seU(R), ie. LeR.
s

In case R is a GC' D-domain the proof is the same, with the exception that
at the end, instead of using prime elements we use the implication (a, s) =1

implies (a”, s) = 1, which follows from Exercise [3.1.18
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3.7 Permanence of arithmetical properties

We start this section by putting together all the implications between the
arithmetic properties studied in this chapter.

Proposition 3.7.1 i) If R is FEuclidean, then R is a PID.

it) Z [HZT‘/E} is a PID but not Euclidean.

Proof: i) Theorem
ii) Proposition [3.4.11 |

Proposition 3.7.2 i) If R is a PID, then R is a UFD.

it) Z|X] is a UFD but not a PID.

Proof: i) Exercise [3.5.3]

ii) Exercise iii). 1
Proposition 3.7.3 i) If R is a UFD, then R is a GCD-domain.

it) A is a« GCD-domain but not a UFD.

Proof: i) Exercise iii).

ii) The fact that A is a GC'D-domain follows from [27, Theorem 102]. It is
not a UF'D because

2 =V2V2=V2V2V2=V2V2V2V2 = V2V2V2 V2 V2 = ..
and we can continue indefinitely. |

Proposition 3.7.4 i) If R is a GCD-domain, then R is integrally closed.
i) Z[iv/5] is integrally closed but not a GC'D-domain.

Proof: i) Exercise|3.6.25

ii) Z[iv/5] is integrally closed because it is a ring of integers (see Theorem
3.6.23| and Exercise [3.6.24] ii)), but it is not a GCD-domain by Exercise
3.1.15 |

In the following table we list the answers the following questions: If the
domain R has property P, is it true that any subring T of R or a domain T’
that contains R as a subring also has property P? If P is a prime ideal of
R, does the factor ring R/ P also have property P? Here property P is one
of the following: Euclidean, PID, UF D, GC D-domain, integrally closed.

R TCR TOR R/P
Euclidean no(3.7.5| no3.7.10| yes|3.7.15
PID no[3.7.6] no[3.7.11 yes[3.7.16
UFD no|3.7.7 no|3.7.12| no(3.7.17|
GCD — domain no[3.7.9 no3.7.13, no[3.7.18
integrally closed no(3.7.9] no|3.7.14] no|3.7.19
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Exercise 3.7.5 Find an example of an Fuclidean ring R and a subring T
of R that is not Euclidean.

Exercise 3.7.6 Find an example of a PID R and a subring T of R that
is not a PID.

Exercise 3.7.7 Find an example of a UFD R and a subring T of R that
is not a UFD.

Exercise 3.7.8 Find an example of a GCD-domain R and a subring T of
R that is not a GCD-domain.

Exercise 3.7.9 Find an example of an integrally closed domain R and a
subring T of R that is not integrally closed.

Exercise 3.7.10 Find an example of an Fuclidean ring R and a domain
T containing R as a subring that is not FEuclidean.

Exercise 3.7.11 Find an example of a PID R and a domain T containing
R that is not a PID.

Exercise 3.7.12 Find an example of a UFD R and a domainT containing
R that is not a UFD.

Exercise 3.7.13 Find an example of a GCD-domain R and a domain T
containing R that is not a GCD-domain.

Exercise 3.7.14 Find an example of an integrally closed domain R and a
domain T containing R that is not integrally closed.

Exercise 3.7.15 If R is Euclidean and P is a prime ideal of R, prove that
R/P is Euclidean.

Exercise 3.7.16 If R is a PID and P is a prime ideal of R, prove that
R/P is a PID.

Exercise 3.7.17 Give an example of a UFD R, and P a prime ideal of
R, such that R/P is not a UFD.

Exercise 3.7.18 Give an example of a GCD-domain R, and P a prime
ideal of R, such that R/P is not a GCD-domain.

Exercise 3.7.19 Give an example of R which is integrally closed, and P
a prime ideal of R, such that R/P is not integrally closed.
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In the following table we list the answers the following questions: If the
domain R has property P, is it true that any ring of fractions of R, the
polynomial (and the formal power series) ring in one indeterminate over R
also has property P? Here property P is one of the following: Euclidean,
PID, UFD, GCD-domain, integrally closed.

R SR R[X] R[[X]]
Euclidean yes|3.7.200 mno|3.4.1] no|3.7.30

PID yes
UFD yes
GCD — domain  yes
integrally closed yes

.C,O
=~
[\~
—

no(3.4.1{ no(3.7.30
yes|3.5.12] no|3.7.31
yes |3.7.25] no(3.7.32
yes [3.7.26] 1n03.7.33

W
-
[\
[\~

«w
=~
o
o

W
=~
[N}
=~

Exercise 3.7.20 If R is Fuclidean and S is a multiplicative subset, then
S™IR is Euclidean.

Exercise 3.7.21 If R is a PID and S is a multiplicative subset, then
S™'R is a PID.

Exercise 3.7.22 If R is a UFD and S is a multiplicative subset, then
S™'Ris a UFD.

Exercise 3.7.23 If R is a GCD-domain and S is a multiplicative subset,
then S™'R is a GCD-domain.

Exercise 3.7.24 If R is integrally closed and S is a multiplicative subset,
then SR is integrally closed.

Theorem 3.7.25 If R is a GCD-domain, then R[X] is a GD-domain.

Proof: See [I8, p.176] or [19]. |
Theorem 3.7.26 If R is integrally closed, then R[X] is integrally closed.
Proof: See [8, V, § 1, Cor. 1 to Prop. 13, p. 312]. |

Remark 3.7.27 The notion of integrally closed can be defined for rings
that are not necessarily domains. In that case, Theorem 18 no longer
true, see [57).

Theorem 3.7.28 If R is a PID, then R[[X]] is a UFD.

Proof: Denote by ¢ : R[[X]] — R the surjective ring morphism sending
a formal series to its free term. We will use Exercise [3.5.20| and prove that
any prime ideal P of R[[X]] contains a prime element. If X € P we are
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done, because R[[X]]/XR[[X]] ~ R is a domain. If X ¢ P, we denote by
P* = ¢(P), which is an ideal in R. Since R is a PID, there exists a € R
such that P* = Ra. Let f € P be such that a = ¢(f). We will show
that f is a prime element in R[[X]] by proving that P = fR[[X]] and using
Proposition [3:2.3]

Since f € P, it is clear that fR[[X]] C P. Conversely, let g = by + b1 X +
by X% + ... € P. Since by € P* = ©(P), then by € P* so there exists
co € R such that by = cpa. It follows that g — c¢of = Xg1 € P, and since
X ¢ P, it follows that g; € P. As before, there exists a ¢; € R such that
g1 — a1 f = Xgo. It follows that

g=cof +X(crf + Xg2) = (co+ a1 X)f + X?ga.
Since go € P, we choose ¢ € R such that go — cof = X g3, and so
g=(co+aX +eX?)f+X3gs.

We continue and find elements ¢,, ¢1,...,¢y,,... and if we let h = cg+c1 X +
c2X? + ..., we get that g = hf, which ends the proof. |

Corollary 3.7.29 If K is a field, then K[[X,Y]] is a UFD.

Proof: We have that K[[X,Y]] = K[[X]][[Y]] and K[[X]] is a PID because
it is Euclidean by Theorem m Then we apply Theorem |3.7.28 |

Remark 3.7.30 If K is a field, then K[[X,Y]] is not a PID (and therefore
not Fuclidean). Indeed, if K[[X,Y]] is a PID, it follows that 1 is a linear
combination of X andY, which is a contradiction (a linear combination of
X and'Y has no free term,).

Remark 3.7.31 If R is a UFD, it does not follow that R[[X]] is a UFD,
see [44)].

Remark 3.7.32 If R is a GCD-domain, it does not follow that R[[X]] is
a GCD-domain, see [2].

Remark 3.7.33 If R is integrally closed, it does not follow that R[[X]] is
integrally closed, see [1] and [{7].
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Solutions to the Exercises on Section

Exercise Find an example of an Fuclidean ring R and a subring T
of R that is not FEuclidean.

Solution: Let R = Q(iv/5), and T = Z[iv/5]. R is Euclidean because it is
a field, and T is not Euclidean because it is not integrally closed.

Exercise Find an example of a PID R and a subring T of R that
is not a PID.

Solution: Same example as in the solution to Exercise just replace
“Euclidean” by “PID”.

Exercise Find an example of a UFD R and a subring T of R that
is not a UF'D.

Solution: Same example as in the solution to Exercise [3.7.5] just replace
“Euclidean” by “UFD”.

Exercise [3.7.8| Find an example of a GCD-domain R and a subring T of
R that is not a GCD-domain.

Solution: Same example as in the solution to Exercise [3.7.5] just replace
“Euclidean” by “GC D-domain”.

Exercise Find an example of an integrally closed domain R and a
subring T of R that is not integrally closed.

Solution: Same example as in the solution to Exercise just replace
the first “Euclidean” by “integrally closed”, then delete “is not Euclidean
because it”.

Exercise Find an example of an Euclidean ring R and a domain
T containing R as a subring that is not Fuclidean.

Solution: Let R = Z, and T = Z[i7/5]. R is Euclidean, and T is not
Euclidean because it is not integrally closed.

Exercise Find an exzample of a PID R and a domain T containing
R that is not a PID.

Solution: Same example as in the solution to Exercise just replace
“FEuclidean” by “PID”.

Exercise Find an example of a UFD R and a domain T containing
R that is not a UFD.

Solution: Same example as in the solution to Exercise just replace
“Euclidean” by “UFD”.

Exercise Find an example of a GCD-domain R and a domain T
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containing R that is not a GCD-domain.
Solution: Same example as the one in the solution to Exercise just
replace “Euclidean” by “GCD-domain”.

Exercise [3.7.14] Find an example of an integrally closed domain R and a
domain T containing R that is not integrally closed.

Solution: Same example as in the solution to Exercise just replace
the first “Euclidean” by “integrally closed”, then delete “is not Euclidean
because it”.

Exercise [3.7.15| If R is Euclidean and P is a prime ideal of R, prove that
R/P is Euclidean.

Solution: If P = {0} this is clear. If P # {0}, since R is a PID we
have that P is generated by a prime element, which is irreducible, so P is
maximal, i.e. R/P is a field.

Exercise [3.7.16| If R is a PID and P is a prime ideal of R, prove that
R/P is a PID.
Solution: Same as the solution to Exercise 3.7.15

Exercise Give an example of a UFD R, and P a prime ideal of
R, such that R/P is not a UFD.

Solution: Let R = Z[X] and P the ideal generated by the irreducible
polynomial X2 + 5. Then R/P ~ Z[i\/5]. Indeed, let ¢ : Z[X] — Z[i\V/5
be the ring morphism that sends X to iv/5 obtained from Theorem
Since ¢ is clearly surjective, we only have to show that Ker(yp) = P. One
way to see this is that if f € Ker(p), then Irr(iv5,Q) = X2 +5 | f.
Another way is to notice that if f(iv/5) = 0, then also f(—iv/5) = 0, and
so f is divisible by (X —iv/5)(X +iv/5) = X2 + 5.

Exercise [3.7.18| Give an example of a GCD-domain R, and P a prime
ideal of R, such that R/P is not a GCD-domain.
Solution: Same as the solution to Exercise

Exercise Give an example of R which is integrally closed, and P a
prime ideal of R, such that R/P is not integrally closed.
Solution: Same as the solution to Exercise [3.7.17l

Exercise If R is Fuclidean and S is a multiplicative subset, then
S™IR is Euclidean.

Solution: S™!R is a domain, because it is a subring of the field of fractions
of the domain R. We denote by ¢ the Euclidean function on R\ {0}, and
we define

:STIR—N



188 CHAPTER 3. ARITHMETIC IN RINGS

et

by

Let ¢, % ¢ S—1R, ¢ 7#0, 7= w w( = ¢(b’). Since R is Euclidean, there

s’t

exist ¢, € R such that
a=qb +r, wherer =0 or ¢(r) < ().

Then

and, if r # 0,
6 () <o <o) = (7).

Exercise|3.7.21|If R is a PID and S is a multiplicative subset, then S™'R
1s a PID.
Solution: Let J be an ideal of S~'R. Then by ({2.1) we have that

a
J = Je = {f‘ae JC,seS}.
s
Now J¢ = zR for some x € J¢ and so T is a generator for J, i.e. any
¢ € J = J can be written as

Exercise [3.7.22] If R is a UFD and S is a multiplicative subset, then
S™'Ris a UFD.
Solution: Let % be a non-zero non-unit in S_; R. Then

a4 =Pi1P2 - PrPr+1 """ Pn,

where all p; are prime elements in R, pp,...,p, divide elements in S,
Dri1,---,Pp do not divide elements in S, and r» < n. Then

gipl"'pr.pr—i-ln.pn

s 1 1’

where 2P € U(S™R), and 252, B2 are prime in ST'R by Exercise
B2

Exercise If R is a GCD-domain and S is a multiplicative subset,
then S™'R is a GCD-domain.
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Solution: We can assume that S is saturated. If %7% € SR, and d =
(a,b), where a and b are relatively prime to all elements of S, we want to
show that ¢ = (2,%) = (2,2).If ¢ | 2 and ¢ | 2, and c is relatively prime
to all elements of S, we want to prove that { | %. We get ¢ = {- £, and
b _ c.

2=¢ %, for some e, f € R and r,v € S. It follows that ¢ | arv and ¢ | bro,

so ¢ | (arv,brv) = drv. Since (¢, rv) = 1, it follows that ¢ | d, and therefore

Exercise If R is integrally closed and S is a multiplicative subset,
then SR is integrally closed.

Solution: We denote by K the field of fractions of R and we note that
ST'RC K. If ¢ € K is integral over S~'R, we want to find ¢’ € R and

=lo
—=la.

t € S such that ¢ = a?/ There exist %2, 2, ..., dn-1 ¢ §—1R such that
0’ S1 Sn—1
a\"  Qp_1 fa\""1 a a a
(7) + "1(7) foo+2—+ 2o (3.7)
S Sp—1 \S8 S1 S S0

If we denote t = sgs1 -+ sp,—1 € S, we have, after multiplying (3.7) by ¢,

that )
n n—

(Lt +a ﬂt + +a/.a7t+a/:0

s n—1 S 1 S 0 )

’
for some afy,a,...,a,_; € R. Therefore ¥ = % for some a’ € R, so
’
a _ a’ -1
=% €SR
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least common multiple in a ring,
120

maximal ideal,

minimal polynomial,
multiplicative subset, [90]

normal subgroup, @

odd permutation,
order of a formal series, [140
order of a group, [54]
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order of an element in a group,

Partial Fractions Decomposition
Theorem, [165

partition, [T7]

polynomial,

polynomial ring,

prime element, [132]

prime ideal,

prime number,

principal ideal, [74]

Principal Ideal Domain (PID),
145

quadratic field,
quaternion group, [33]
quaternions, [69]

Rational Root Theorem, [T4]]

Reduction Irreducibility Criterion,
157

reflexivity,

relatively prime,

ring, [63]

ring morphism, [65]

ring of formal (power) series,

ring of fractions,

ring of Gaussian integers,

ring of invariants,

ring of real quaternions, [69]

saturated multiplicative subset,
Schonemann’s Irreducibility

Criterion, [156]

Second Isomorphism Theorem for

Groups, [50]

Second Isomorphism Theorem for

Rings,
signature of a permutation,

subgroup,
subgroup generated by a set,

subring,

surjective function, [3]
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symmetric polynomials,
symmetry, [I6]

Third Isomorphism Theorem for
Groups, [50]

total ring of fractions, [04]

transcendental number,

transitivity, [I6]

Unique Factorization Domain
(UFD),

unit in a ring, [64]

Universal Property of the Factor

Group, [49]
Universal Property of the Factor

Ring,
Universal Property of the Factor

Set, [1§]

Universal Property of the

Polynomial Ring,
Universal Property of the Ring of

Fractions, [92]
Vieta’s Formulas,
Wilson’s Theorem, T47]

Zariski’s Lemma,
Zariski’s Lemma over C, [I60]

zero divisor in a ring, [64]
Zorn’s Lemma,
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