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preface

These lecture notes are based on a translation into English of the Dutch lecture
notes Algebra II (Algebraic Structures) as they were used in the mathematics cur-
riculum of Groningen University during the period 1993-2013. The original Dutch
text may be found at http://www.math.rug.nl/"top/dic.pdf.

Both the present text and the original build upon an earlier Dutch text on Rings
and Fields, called Algebra II, written in the late 1970’s at the university of Amster-
dam by Prof.dr. F. Oort and Prof.dr. H.W. Lenstra. In the 80’s L.N.M. van Geemen
at Utrecht university added some chapters to their text, and in the 90’s in Gronin-
gen I included various changes.

The translation project consists of two parts. The first one (Algebraic Struc-
tures) deals with the chapters 1-5, 7—-9, and 12 of the Dutch notes. Many cor-
rections and suggestions for improvement were offered by Dr. Max Kronberg who
taught a course following these notes in the spring of 2017, and by Petra Hogeboom
and Manoy Trip who at that time were students in this course. In the spring of
2019 student Wout Moltmaker mentioned a number of further small issues in the
text, which have now been corrected. I am very grateful to all of them; needless to
say that any mistakes and unclear parts in the exposition are only my fault. The
second part of the translation project (which provides the material for the course
Advanced Algebraic Structures and is not included here) discusses the chapters 8
(in slightly more detail than originally, to facilitate treating Galois theory), and
chapters 6,13 on (projective) modules, then a discussion of basic Galois theory not
present in the original notes, and finally the chapters 11 and 10 as well as an ex-
tended version of chapter 14 and a brief discussion of tensor products.

Groningen, January 2017 — April 2019
Jaap Top
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RINGS

|.1 Definition, examples, elementary properties

I.1.1 Definition. A ring (with 1) (also called unitary ring) is a five tuple (R, +,-,0,1)
with R a set, + and - maps written as:

+:RxR—R, (a,b)—a+bd -:RxR—R, (a,b)—ab,

and 0 and 1 elements of R, such that the following properties (R1) to (R4) hold:

(R1) (R,+,0) is an abelian group; this means:
(Gl) a+(+c)=(a+b)+cforall a,b,ceR;
(G2) 0+a=a+0=aforallaeR;

(G3) every a € R has an ‘opposite’ —a € R satisfying
a+(—a)=(—a)+a=0;

(G4) a+b=b+aforalla,beR.

(R2) a(bce)=(ab)c for all a,b,c € R (associativity of - );

R3) a(b+c)=(ab)+(ac) and (b+c)a =(ba)+(ca) for all a,b,c € R (the distributive
laws).

(R4) la=al=aforallaeR.

A ring R is called commutative if moreover (R5) holds:
(R5) ab=baforalla,beR.

If a,b € R then a +b and ab are called the sum and the product of a and b; the
product ab is also denoted as a-b. The maps + and - are called the addition and
the multiplication in R. If (R,+,-,0,1) is a ring then one says that R is a ring with
addition +, multiplication -, zero element 0, and unit element 1.

A trivial example of a ring is the zero ring ({0},+,-,0,0), with 0+0=0-0=0.
This is the only ring having 1 =0.

Some textbooks define ‘rings’ (R, +,-,0) only satisfying (R1), (R2), and (R3); such
‘rings’ are called non-unitary rings.

A division ring (or skew field) is a ring R such that in addition to (R1) to (R4),
also (R6) holds:

(R6) 1#0, and for all @ € R,a # 0 there exists an inverse a ! € R satisfying

a-al=ala=1.

I RINGS



A field (French: corps; German: Korper, Dutch: lichaam, Flemish: veld) is a
commutative division ring (so (R1) to (R6) hold). A simple example of a field is the
set {0, 1} with addition as in the abelian group Z/27Z and product 0-0=0-1=1-0=0
and 1-1=1. The unit element is 1 (# 0), this field we denote by [Fs.

1.1.2 Example. The sets Z, Q, R, C of integers and rational, real, complex numbers
(respectively) are with the familiar addition and multiplication rings. Moreover
7Z,Q,R, and C are commutative. The rings Q,RR, and C are fields, and Z is not a
field (condition (R6) is not satisfied in Z). _

1.1.3 Example. Fix n € Z-y. The set Z/nZ = £6,T, ..on—1}withi=i+nZcZ,is
equipped with an addition, since the elements i are the residue classes with respect
to the normal subgroup nZ c Z. The rule

6-3:=a-b,

with a - b the familiar multiplication in Z defines a product (verify for yourself that
this is well-defined: if @ = a1 and b= b_l, then indeed a - b = ai-bq).

With respect to this addition and multiplication Z/nZ is a commutative ring
with unit element 1. In We will see that Z/nZ is a field if and only if n is a
prime number. For n =1 we have Z/17 which is the zero ring (hence, it is not a
field). _m

1.1.4 Example. Let n € Z~o. The set M(n,R) of all real n x n-matrices is a unitary
ring with the familiar matrix addition and matrix multiplication. For n = 2 this
ring is not commutative.

In an analogous way one defines the ring M(n,R) for an arbitrary ring R and
ne Zzl . _ .

I.1.5 Example. There are non-commutative division rings. Let K be a field (for
example R or Q) and take a, f € K —{0}. The quaternion algebra (a, B)k consists of
expressions (quaternions)

a+bi+cj+dk, with a,b,c,deK.
We say two quaternions are equal only when their components are:
a+bi+cj+dbk=ad +bi+c'j+dk = a=d,b=b,c=c,d=d".
The quaternion algebra is a ring, as follows. Quaternion are added componentwise:
(@+bi+cj+dR)+@ +bi+cj+dE)=(@a+a)+(b+b)i+(c+c)j+(d+d)k.
The multiplication of quaternions is based on the rules
ij=—ji=k, i’=a, j’=p, and
x(@a+bi+cj+dk)=(a+bi+cj+dk)x=ax+bxi+cxj+dxk
forxa=x+0-i+0-j+0-%€ K. To obtain a ring one certainly needs
k2 = (1)) = ()i = ((ji))j = —i%j2 = —ap,
ik=i(ij)=aj,
ki=(—ji)i=-ayj,
Jk = j(=ji)=—pi,
kj=(j)j=pi.
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These equalities lead to
(a+bi+cj+dk)-(a'+bi+c'j+d'k) =
=(aa’' +bb'a+cc'f-dd ap)
+(ab'+ba' —cd'f+dc'B)i
+(ac'+bd'a+ca’ —db'a)j
+(ad' +bc' —cb' +da)k.
A straightforward verification shows that in this way indeed a ring is defined.
Given g =a+bi+cj+dke(a,P)k, put
q:=a-bi—-cj-dk.
We define
N(q):= qﬁz(a+bi+cj+dk)(a—bi—cj—dk)=a2—ab2—ﬁcz+aﬁd2.
In particular we have N(q) € K for all quaternions ¢q. Observe that
1 a b . c . d

N(@)#0 bitcj+dl) == - B “Ng®
(@#0=>(a+bi+cj+dk) N(q)q N(g) N(q)l N(q)J N(q)

As a consequence
(a,B)x is a division ring if and only if
for all a,b,c,d € K it holds that

N(a+bi+cj+dk)=0 = a=b=c=d=0.

Namely, if N(g) = 0= ¢ =0, then g # 0 has as inverse ¢! := ﬁqﬁ and therefore

(a,P)k is a division ring. Vice versa, if ¢ # 0 exists with N(q) = 0, then gq = 0.
Should an inverse ¢! of g exist, then 0 = g"1gg = 1-g = g which implies ¢ = 0,
a contradiction. Hence our ¢ has no inverse which shows («, f)x is not a division
ring.

In the special case K = R quaternions were introduced in 1843 by Hamilton (Sir
William Rowan Hamilton, English-Irish mathematician, 1805-1865) as the quater-
nion algebra (—1,—-1)g; one writes

H:==(-1,-1)g, so in H: %2=j2=k%>=-1.
In particular H is a (non-commutative) division ring, since ¢ =a+bi+cj+dk
satisfies N(q) =a?+b%2+c2+d?2 =0for a,b,c,d € R precisely whena=b=c=d = 0.

We now present a quaternion algebra which is not a division ring. In M(2,R)
take the matrices

(1 0 . (0 1 P
=g g ) 7= 1 o) =ij=-ji=l g )

Note that in M(2,R) we have

p g\ _p+s(1 0 L p=s 1 0 +q+r 01 La-r 01

r s) 9 0 1 2 0 -1 92 10 2 -1 0 )
In this way M(2,R) is identified with the quaternion algebra (1,1)g. This is not a
division ring: for instance j+ k% # 0 but N(j+ k) =0, so (j + k) has no inverse in the

quaternion algebra (1, 1)g. _

We refer to Section for more examples of rings and for other methods to
construct rings.

1.1.6 Definition. A subset R’ of a ring R is called a (unitary) subring of R if (D1),
(D2), and (D3) hold:

(D1) 1€R/;

(D2) R’is a subgroup of the additive group of R, i.e., a +(-b)e R’ for all a,b € R';
(D3) abeR ' foralla,beR’.
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A subring R’ of a ring R is itself a ring, with the addition and multiplication of R.
If R is commutative, then so is R’.
A trivial example of a subring of R is R itself.

1.1.7 Example. Let i € C satisfy i% = —1. The set Z[i] = {a + bi :a,b € Z} c C is with
the usual addition and multiplication of complex numbers a ring, hence a subring
of C. We call Z[i] the ring of Gaussian integers. It is a commutative ring with 1,
but not a field. The set Q[i]={a+bi:a,b € Q}is also a subring of C and it is even a
field: the inverse of a +bi (# 0) is given by aQ“TbZ + ﬁi € QIi]. Analogous remarks
apply to
ZIvml={a+bvm:a,beZ},
Qlvml={a+byvm:a,beQ)},
with m an integer that is not the square of some integer (in the special case m = —1
one recovers Z[i] and Q[i]). ==

1.1.8 Notation. If R is a ring and a,b € R, then one abbreviates the sum a + (-b)
as a — b. So this is the sum of a and the opposite (additive inverse) of b.

1.1.9 Theorem. Let R be a ring. For a,b,b,...,b,,c € R we have

a(b1+bg+...+b,) = abi+abs+...+aby,,
(b1+bg+...+bya
a(b—c)

a-0 = 0-a=0.

bia+bsa+...+bua,

ab—-ac

Proof. The first two equalities follow from the distributive law (R3) using mathe-
matical induction w.r.t. n. Since

alb—c)+ac=a((b-c)+c)=alb+(-c)+c)=ab
one concludes a(b—c)=ab —ac. Finally
a-0=a-(0-0)=a-0—a-0=0

and analogously 0-a = 0. This proves the theorem. |

1.2 Units and zero divisors

By (R1) every ring R is an abelian group w.r.t. addition. This group is sometimes
denoted by R*; so R™ is the same set R, with the same addition as in R, however
one ‘forgets’ the multiplication.

With respect to the multiplication the unitary ring R only yields a group (R,-,1)
in case R = {0}. In spite of this, the next definition allows one to talk about a
multiplicative group of a ring.

I1.2.1 Definition. Let R be a ring with 1. An element a € R is called a unit (or,
invertible) if some b € R exists such that

ab=ba=1.

(Observe the somewhat peculiar terminology: the unit element is indeed a unit,
but vice versa a unit need not be equal to the unit element.) The set of units in R is
denoted R* and is called the unit group of R (it is indeed a group as will be shown
in Theorem [[.2.3). Some texts also use the notation U(R).

An element a € R is called a left unitif 3beR: ab=1,
and it is called a right unitif 3Jce€R: ca=1.
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If a € R is both a left and a right unit, then a is a unit: namely,
ab=1, ca=1 = cab=c = b=c.

In a commutative ring the notion left unit (or right unit) of course coincides
with ‘unit’, but in a non-commutative ring a left unit is not necessarily also a right
unit: see[[.3l

1.2.2 Example. Z* = {1,-1}, Q* = Q- {0}, R* =R - {0}, C* =C - {0}, H* =H - {0}.

— .

In general, see (R6): R is adivisionring < R*=R —{0}.

1.2.3 Theorem. The unit group R™ of a ring R with 1 is a group with respect to
multiplication.

Proof. First we show that ab € R* in case a,b € R*. Namely, if a,b € R* then
c,d €R exist withac =ca =1and bd =db =1, hence (ab)-(dc) =(dc)-(ab) =1 with
dceR;soabeR™.

The associativity of the product follows immediately from (R2).

The set R* has a neutral element, namely 1 € R* satisfies 1-1 =1, and (R4)
shows that 1 also satisfiesa-1=1-a=a.

Finally, if a € R* then b € R exists with ab = ba = 1; this b satisfies b € R* hence
every element in R has an inverse in R*.

We have now verified the 4 axioms of a group, hence the theorem is proven. W

In case R is commutative, obviously R* is abelian. The converse is not true in
general: one can construct non-commutative (unitary) rings R with R* abelian,
see for example exercise

1.2.4 Example. If A € M(n,R) is invertible with inverse B then AB = BA =1, where
I denotes the identity matrix. Furthermore

A is a left unit < A is a right unit < det(A) # 0.
So M(n,R)* = GL(n,R) (in fact this is the definition of the group GL(n,R)). Here
we may replace R by an arbitrary (unitary) commutative ring. _

1.2.5 Example. Take R = Z[,/m] as in[[.1.7, with m an integer that is not a square.
We define the norm

N:R—7, N(a+bvm)=(a+bym)-(a-bym)=a®-mb>.

One easily verifies that N(af) = N(a)-N(p) for all a,fe R, and N(0) =0, N(1) =1.
We claim:
a€R* < N(a)=+1;

<: for @ = a+by/m with N(a) = +1 we have (a + by/m)-(a — by/m) = +1, hence
+(a — by/m) is an inverse of a.
=: is aff = 1 then N(a) -N(B) = N(af) = N(1) = 1, and N(a), N(B) € Z, hence
N(a)=N(p)==+1.
This shows that the search for units in Z[/m] is equivalent to finding solutions
of the equation
a’?-m-b%2=11

in integers a,b.
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For m < 0 solving this equation is not hard: it holds that a®—m b2 = a®+|m|-b2,
and because squares of integers are nonnegative, the latter expression is only equal
to £1 in the cases

Therefore
71 =1{1,i,-1,-i} (the casem = —1),

ZIvml* ={1,-1} if m<-1.

In case m > 0 (and not a square) the equation x?—my? = +1 is much more inter-
esting. One can show that for every such m > 0 the “Pell equation” x2 —my? = 1 has
a solution x,y € Z¢. This yields a unit ¢ = x+yy/m > 1 of R = Z[/m], and infinitely
many units in R are than obtained as ...,+¢ ™2, +¢ 1, +1,+¢,+¢2,.... Apparently
Pell’s equation has infinitely many solutions.

Example: If m = 2 then x1 = y1 = 1 is a solution of x> —2y? = +1, hence e = 1+ V2 is
an element of Z[v/2]*. Considering €”,n = 0, yields the solutions

x0=1 =0 x5=41 y5=29
x1=1 y1=1 x6=99 ye=70
x2=3 y2:2 x7=239 y7=169
x3=7 y3:5

x4=17 y4=12

(And more generally: x,+1 = 2%, +Xn-1, Yn+1 = 2Yn + Yn-1.)

For m = 67 the ‘simplest nontrivial unit’ is the one with x = 48842, y = 5967.
More information may be found in H. Davenport, The higher arithmetic, Ch.IV,
section 11. This includes an explanation why the name of John Pell (1611-1685) is
erroneously attached to the equation. _

In an arbitrary ring it could happen that a-b = 0 while a # 0, b # 0. For example
2.3 =0in Z/6Z. In Z/8Z one even has 53 =0.

1.2.6 Definition. An element a in a ring R is called a left zero divisor if:
aZ0and 3beR:b#0Aab=0;
the element a is called a right zero divisor ifa #0 and 3ce R : ¢ #0 A ca =0;
it is called a zero divisor if it is either a left- or a right zero divisor (or both).

A nilpotent element is an a € R, a # 0, such that a” = 0 for some n € N. In
particular a nilpotent element is a zero divisor, both left and right.

An element a € R is called an idempotent element if a?=aand 0#a #1. An
idempotent element is in particular a zero divisor (both left and right), because

a?=qimpliesa(@a—1)=(a—1)a=0and 0 #a # 1 implies a,a — 1 # 0.

1.2.7 Example. In M(2,R) consider

(0 1 10 (0 0
=10 o0 ) “lo o) “Tlo 1)

Check for yourself that ab = 0, hence «a is a left zero divisor and b is a right zero
divisor. Note that ba # 0, however ca = 0, so a is (anyway) a right zero divisor.
Moreover a? = 0, hence a is a nilpotent element (this shows again that a is both a
left- and a right zero divisor).

Note also that 52 =b and ¢2 = ¢, so b and ¢ are idempotent elements. _

1.2.8 Theorem. An element a in a commutative ring R with 1 can not be both a
zero divisor and a unit.

[.2 UNITS AND ZERO DIVISORS 7



Proof. Note that since R is assumed to be commutative, the notions of left- and
right zero divisor coincide. Suppose a is a zero divisor: a # 0, and ab = 0 for some
beR,b #0; and moreover a is a unit: ac=ca=1(ceR). Thenc-a-b=1-b=>b and
alsoc-a-b=c-0=0, hence b =0, a contradiction. This proves|[.2.8 [ |

1.2.9 Remark. The proof of in fact shows that in an arbitrary (not necessarily
commutative) ring a left zero divisor is not a right unit (see Definition[[.2.3). In the
same way a right zero divisor is not a left unit. In[[.3| we will discuss an example
of a left unit which is also a left zero divisor.

1.2.10 Corollary. A division ring contains no zero divisors.

Proof This is a consequence of [[.2.8] since all elements # 0 in a division ring are
units. |

1.2.11 Theorem. For n € Z-g one has: Z/nZis a field < n is a prime number.
Proof. For a commutative ring R with 1 it holds that R is a field © R* =R —{0}.

If n is not prime, then either n = 1 and in that case 0 = 1 in Z/1Z which shows Z/nZ
is not a field, or n = ab with 1 <a,b < n. In the latter case

a,b#0€Z/mZ  and ab=n=0.

Hence by Theorem the element @ € Z/nZ — {0} is not a unit, so Z/nZ is not a
field.

In case n is prime, suppose @ # 0 in Z/nZ. We have to show that @ admits
an inverse. Note that the additive group (Z/nZ)" consists of n elements, a prime
number. Hence the subgroup generated by d is all of (Z/nZ)*. Since 1€ (Z/nZ)",
an m € Zsq exists with ma:=a+...+d (m times) equal to 1. So md@ =am =1, and
m is the requested inverse of a. This proves Theorem [[.2.11] [ |

1.2.12 Notation. Given a prime number p, the field Z/pZ is denoted by

Fp :=Z/pZ.

The field IF;, consists of p (a prime number) elements. In Chapter We will con-
struct for various other positive integers g a field F; containing precisely g ele-
ments. If g is not prime, this field F; is of course not equal to Z/qZ because by
Theorem [[.2.11] the latter ring is not a field in case g is not a prime.

1.2.13 Definition. An integral domain (or domain or integral ring) is a commuta-
tive ring with 1 # 0 having no zero divisors.

1.2.14 Example. Examples of domains are fields (by|L.2.10), for instance
Q, R, C, Fs.

Moreover (unitary) subrings of fields are domains, for instance Z, Z[i]. In we
will see that every domain is a subring of a field.

Some rings that are not domains are H (not commutative), Z/17Z (1 = 0), and
Z/577 (3-19 = 0, so this ring contains zero divisors). _

1.2.15 Theorem. Suppose R is a ring without zero divisors (for example, R could
be a domain), and let a,b,c € R. Then:

(@ ab=0 < a=00rb=0,
(b) ab=ac <= a=0orb=c.
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Proof. (a) < is a consequence of[[[1.9) =:ifab=0and a#0#b, thena and b
are zero divisors, a contradiction.
(b) We have ab=ac e ab-ac=0<ab-¢)=0 (by[[.1.9) ©®a=0o0r b—c=0 (by
(a) above) © a =0 or b = c¢. This proves|[.2.15
|

.3 Constructions of rings

Product of rings

Fields of fractions

We now present various important ways to construct rings.

If R1 and Ry are rings, then one defines a coordinatewise addition and multiplica-
tion on R = R1 x Ry by

(r1,r2) +(s1,82) =(r1+s1,ra +s3), (r1,r2)-(s1,82) = (r1s1, r2s2)

Here ri1,s1 € R1, rg,s3 € Ry. It is not hard to verify that this makes R a ring.
Denoting the zero element and the unit element of R by Or and 1r respectively,
one concludes Og =(0,0) and 1z =(1,1). The ring R is commutative if and only if
both R; and Ry are commutative. Moreover R* = R} x R}. The proofs of these
assertions are left as an exercise to the reader.

A ring R x Re with R; # {0} and Rg2 # {0} necessarily contains zero divisors,
since

(@,0)-(0,6) =(a-0,0-b)=(0,0),

forallae R1, b € Rs.
As a final remark, note that the elements (1,0) and (0,1) are idempotents in
R1xRs.

Let R be a domain. We will construct a field called the field of fractions (or quotient
field) of R, notation: @(R), with the following properties: first, R is contained in
Q(R). So in particular every s € R with s # 0 has an inverse s~ ! € Q(R) (regardless
of s being in R* or not). Secondly, every element of Q(R) can be written as r-s~ !
for some r,s € R, s # 0. The construction generalises the construction of Q = Q(Z)
starting from Z.

Let S =R —{0}. On the set R xS ={(a,s):a,s € R,s # 0} we define an equivalence
relation ~ by

(a,8)~(b,t) <= at=bs.

It is not hard to verify that indeed ~ defines an equivalence relation: reflexivity
((a,s) ~ (a,s)) and symmetry ((a,s) ~ (b,t) = (b,t) ~ (a,s)) are trivial; transitivity
(a,s) ~(b,t) A (b,t) ~(c,u) = (a,s) ~(c,u)) is shown as follows.

From (a,s) ~ (b,t) we deduce at = bs, hence atu = bsu. Now (b,%) ~ (c,u) shows
bu = ct, so bus = cts. Since R is commutative, aut = atu = bsu = bus = cts = cst.
As

aut=cst = (au—cs)t=0,

and ¢ # 0, it follows from (b) that au = ¢s. As a consequence (a,s) ~ (c,u),
which is what we wanted to show.
Now let @(R) denote the set of equivalence classes of ~:

QR)=RxS)/ ~.

For the equivalence class containing (a,s) we introduce the suggestive notation 3.
So

Q(R)z{% :a,S€ER, s#O}

I.3 CONSTRUCTIONS OF RINGS 9



and

%:{(b,t)ERXS : (a,s) ~ (b, 1)}
and
a b
_—= = P — at=b8.
S t

We define an addition and a multiplication on @(R) by

a b at+bs
—+—-= ; (note : st # 0 because R is a domain),
s s

t
a b ab
s t

T st
Of course one needs to verify that these operations are well defined, in other words,
they do not depend on the choice of a pair in the given equivalence class. In formu-

.ipd _a o _b ; a't'+b's' _ at+bs a'd _ ab
las: 1f 7= and 7= 1 then we have to verify that T = and T = e
This is indeed the case:

! !
a a b b
—=—AN—=- = as=as’ Abit=bl' =
S S t t

(@'t +b's")st =a'st't+b'ts's=as't't+bt's's
=(at+bs)s't = —“’t;ftl,”s’ = attbs
and for the product the verification is even less involved.

The verification that Q(R) equipped with this addition and multiplication, and
using the zero element % and the unit element % satisfies (R1) up to (R6) is some-
what time consuming but it yields no difficulties. We conclude that Q(R) is a field.

We consider R as a subring of Q(R) by identifying the element a € R with
1€Q(R):

r

1 .

Note that in this way distinct elements of R remain distinct in @(R) since by defi-
nition%:%@a-lzb-l@azb. Moreover %+%= %z# and %% =%, S0
indeed the elements {7 : a € R} identified with R form a subring of the field Q(R).

For s € S = R —{0} the inverse in Q(R) is %: namely, in @(R) one has %% =s= %
So using slightly sloppy notation, one concludes s~! = % As a consequence, any
< € Q(R) satisfies = %% =a-s~!. This completes the construction of the field
of fractions of R, satisfying the properties mentioned earlier. The assertion from
Example stating that every domain is a subring of some field also follows
from this construction, since R c Q(R).

R cQ(R), r=

1.3.1 Example. Any field K gives rise to a ring of polynomials with coefficients in K
in the variable X, called K[X]. The precise definition will be given in Chapter [[IL.1}]
The ring K[X] is a domain, and we define the field of rational functions in one
variable over K by

K(X):=Q(KI[XD.

1-X2
1-X+X3*

X
+X2

Some elements of K(X) are ﬁ =3 and

For an important generalisation in the theory of commutative rings of the con-
struction of fields of fractions we refer to Exercise

I RINGS



Endomorphism
rings.

Suppose (A,+,0) is an abelian group, and let End(A) denote the set of endomor-
phisms of A:

EndA):={f:A—A: fla+b)=f(a)+f(b) Va,beA}.
For f,g € End(A) we define f +g:A—-A and fg:A — A by
(f+8)a)=f@+ga), fgla)=/F(ga).

The assumption that A is abelian assures that f+g € End(A). We have fg € End(A)
as well. It is a straightforward verification that End(A) equipped with this addition
and multiplication is a ring, called the endomorphism ring of A. It is a ring with
unit element id4, the identity map. The unit element is not equal to the zero
element, except in the case A =0.

1.3.2 Example. Let A =R"”, with n € Z-o. Considering any n x n-matrix over R as
an R-linear endomorphism of the vector space A, the addition and multiplication
of matrices correspond to the addition and multiplication of endomorphisms as
defined above. In this way M(n,R) may be regarded as a subring of End(A).

As M(n,R) is non-commutative for n = 2, we conclude that End(A) is not com-
mutative. So apparently abelian groups A exist for which End(A) is not a commu-
tative ring. -

1.3.3 Example. Put A = R[X]" (the additive group of the ring of polynomials over
R). Define f, g, x € End(A) by

frap+a1 X +...+a, X" — a1+asX +...+a, X" 1
grap+ar X +...+a, X" ~ ag,
x:a0+a1 X +...+a,X" — aqoX+a1X2.. . +a,X""1.

Moreover write 1 = id 4, the unit element of End(A). One computes without diffi-
culty that in End(A) it holds that:

fx=1, fg=0, gx=0.

So f is a left unit as well as a left zero divisor in End(A). By Remark[[.2.9]it follows
that f is neither a right unit nor a right zero divisor. Similarly x is a right unit and
a right zero divisor, but not a left unit and not a left zero divisor.

Differentiation defines d € End(A):
d:ag+a1 X +...4+a, X" — a1 +2asX +...+na, X" L.
Note that we have:

dx(ag+a1 X +...+a,X") =d@X+a1X2%+...+a,X"*)
=ag+2a1 X +...+(n+1a, X",

and

xd(ag+a1 X +...+apX") =x(a1+2a9X +...+na, X" 1)
=a1X +2a9X%+...+na, X"

Apparently any f € A satisfies (dx —xd)f = f, hence in the ring End(A) one finds:
dx—xd=1idy =1.
We consider R as a subring of End(A) via

a:ap+a1X+...+a, X" — aag+aa1 X +...+taa, X"

I.3 CONSTRUCTIONS OF RINGS 11



Rings of functions

Since End(A) is a ring, every finite linear combination
<00 . .
Zaijxldj, aijE]R
i.J
is in End(A). Repeatedly applying the rule dx — xd = 1 one concludes that
W= { Z aijxldJ € End(A)}
iJ

is a subring of End(A). One calls W the Weyl algebra; it consists of linear differen-

tial operators with real polynomials in x as coefficients. _

Let V be a set and R aring and T =RV the set of all maps from V to R. One makes
T into a ring by using the pointwise sum and product of functions f,g:V — R:

(Ff+8))=f)+gW)eR,

(fe)v)=fw)-gw)eR,

for any v € V. In case V = {v1,vg,...,0,} consisting of n € Z-( distinct elements,
then R" is ‘the same’ ring as R x R x ... x R (product of rings: see the beginning of
[.3). Note that RV contains zero divisors whenever #V = 2,R # {0}: take v € V and
r € R—{0} and define f € RV by f(v) =r, f(w) =0 for all w # v. Similarly take g€ R"
defined by g(v)=0 and g(w)=r for all w #v. Then g #0# f and gf = fg=0.

Other interesting rings are obtained by putting additional conditions on the
functions in T'. As an example, take V =[0,1] the closed interval between 0 and 1,
and R =R, and consider

C([0,1D={f:10,1] — R : f is continuous}.

This is a subring of the ring RI®!! defined above, and this subring also contains
zero divisors: define f, g € C([0,1]) by

x—2% x=1

flx)=
1
0 x<§
1-x, x<3

glx) =
0 x>%

then f #0#gand fg=0=gf.

Group rings Let R be a ring and G a group (written multiplicatively). The group ring R[G] of G
over R consists by definition of all formal expressions
> ag'g
ge@G
with ag € R for all g € G and ag = 0 for all except at most finitely many g € G.
Two such formal expressions } ag-g and ) b,-g are considered equal only if
ge@G ge@
VgeG:ag=bg. Addition is done component wise:
(Z ag-g)+(2 bg'g) =) (ag+by) g,
ge@ geG geG
12 I RINGS



and the multiplication one finds by combining the multiplication in R with the one
in G:
(ag-8)-(bp-h)=(agbp)-gh (ag,br€R, g,h Q).

In the general case (anticipating distributivity) this leads to

(Y agg) (Y. bph)=> ( Y. agbpk.

geG heG keG g,h,gh=k

We leave the somewhat elaborate verification that in this way R[G]indeed is a ring
as an exercise to the reader.

In case R and G are both commutative, so is R[G]. If R contains a unit ele-
ment 1, then R[G] also contains a unit element, namely 1-e where e is the neutral
element of G. In what follows we simply denote this unit element of R[G] by 1.

If R is a ring with 1, then G can be considered as a subgroup of R[G]* via

g=) aph, with ap=

{ 0 if h#g
heG

1 if h=g.
In case g € G has order n, with 1 <n < oo then

l+g+g%+...+g" !
is a zero divisor of R[G] because

1-g)1+g+...+g"H=1-g"=0, and1-g#O0.

It is an unsolved problem if R[G] can have zero divisors in the special case that R
is a field and G a group with as only element of finite order the neutral element e.

1.3.4 Example. Take R =Z and G = (Z/57)* = {1,2,3,4}. In R[G] we have
(@ 1+b-2+c¢-3+d-4)-(k-1+¢-2+m-3+n-4)

(@ak+bm+cl+dn)-1+(@l+bk+cn+dm)-2
+
(am+bn+ck+d?0)-3+(@an+bl+cm+dk)-4.
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|.4 Exercises

10.

11.

12.

13.

14.
15.

Suppose that an element 1’ in a ring R has the property 1'a = al’ = a for all
a€R. Prove that 1/ = 1.
Let R be a ring. Prove that every a € R* has exactly one inverse.
Prove that the set of all even integers 27 equipped with the familiar addition
and multiplication is a commutative ring without unit element.
Let M(2,2Z) be the subset of M(2,RR) (see consisting of all 2 x 2-matrices
having coefficients in 2Z. Show that M(2,27) equipped with the usual matrix
addition and matrix multiplication is a non-commutative ring without unit ele-
ment.
Let (A, +,0) be an abelian group and define a multiplication on A by a-b = 0 for
all a,b € A. Prove that A in this way becomes a commutative ring. Does this
ring have a unit element?
Let R be a non-unitary ring with the property R* = Q/Z. Prove that ab = 0 for
alla,beR.

1+ym

Let m be an integer that is not a square and put a := —5— € C.

(a) For which m is Z[a] :={a + ba :a,b € Z} a subring of C?
(b) Sketch Z[a] as a subset of the complex plane in case m = —3.
Let R be a (not necessarily unitary) ring and define an addition and a multipli-

cation on Z x R by
(n,r)+(m,s)=n+m,r+s),

(n,r)-(m,s)=(nm,ns+mr+rs)

for n,meZ,r,s,e R (here
ns=s+s+...+s (n times)

in case n >0, etc.).

(a) Show that Z x R is in this way a ring with 1.

(b) Prove that every ring can be embedded as a subring in a ring with 1.
Let R be a ring with 1 and H an additive subgroup of R. Define Ry < R by
Ro={x€R:YheH:xhe H}. Prove that R is a subring of R and R # {0} in
case R # {0}.
Suppose R is a ring and a € R. Define A4, p, : R — R by 14(x) = ax, pa(x) = xa.
Show that A, and p, are endomorphisms of the additive group R* of R.
Let R be a ring. On R we define a new multiplication * by a * b = ba, for
a,b € R. Show that R with its original addition and this new multiplication is
a ring. This ring is called the opposite ring of R, notation: R°.
Suppose R is a ring. The center of R is

Z(R)={a€eR:VxeR :ax=xa}.

Prove that Z(R) is a subring of R.
Suppose that the ring R has the property x3 = x for all x € R. Show that every
x€R satisfiesx+x+x+x+x+x=0.

Suppose R is a ring consisting of 10 elements. Prove that R is commutative.

(Newton’s Binomium). Let R be a ring. For n € Z,r € R we define nr e R as in
Exercise

14
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(a) Suppose R is commutative. Prove that

n

(*) (@a+b)" = Z( Z )~akb"‘k
k=0

for all a,b € R and n € Zsyg.

(b) Vice versa, prove that if () holds for all a,b € R and n € Z~¢, then the ring
R is commutative.

16. Let a = 1.3247--- be the real number satisfying a® = a + 1. Show that Z[a]
defined as Z[a] := {a + ba +ca®:a,b,c € Z} is a subring of R. Moreover, show
that a,a—1,a?-1,a% - 1€ Z[al*.

17. Let R be a commutative ring with 1 and n € Z~y. For A € M(n,R) one defines
det(A) using the well known formula from linear algebra:

n
det(A)= ) e0)[[aioiy withA=(a;j)i<ij<n,
=1

geS, i=

where S, denotes the group of permutations of the set {1,...,n} and e(o) is the
sign of 0 € S,,. Prove A € M(n,R)* < det(A)e R*.

b
y )eM(Z,R).c:O}.

(a) Show that T is a subring of M(2,R) and T is not commutative.

18. Let R be a ring with I;éOandputT:{( Z

(b) Prove: [ g Z leT* »acR” and d € R*.

(¢) Prove: T is commutative < R = {1}.

(d) In the special case that R = Z/27Z, show that T is a non-commutative ring
with a commutative group of units.

19. Suppose m € Zs satisfies /m ¢ Z.

(a) Let e =a+bym € ZI/m]*. Prove: {e,e”!,—¢,—¢ 1} = {+a + b\/m}, and con-
clude from this: e>1<a>0Ab>0.

(b) Assume that Z[y/m]* # {+1}. Show that Z[/m] contains a smallest unit ¢;
with €1 > 1, and prove that Z[/m]* = {+e]* : m € Z} =(Z/2Z) x 7.

(¢c) Find the smallest unit > 1 in the ring Z[/5].
20. Let R be aring and a € R. Define

S={x€eR: ax=xa}.

(a) Show that S is a subring of R.
(b) Prove that S* =R*nS.

21. Let A € M(n,R). Prove: A is a left zero divisor < A is a right zero divisor
< A #0 and det(A) =0.

22. Find an example of a commutative ring R with 1 containing an element a with
the properties: a #0, a is not a unit in R, and a is not a zero divisor of R.

23. Find an example of an infinite commutative ring containing zero divisors.

24. Let K be a field, and define on R = K x K an addition and a multiplication by

x,y)+Ww,v)=(+u,y+v),

(x, ) - (u,v) = (xu,xv).
(a) Prove that R is a non-commutative ring without a unit element.

(b) Determine the left zero divisors of R and also the right zero divisors of R.
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25.

26.

217.

28.

29.
30.

31.

32.

33.

Let R be a commutative ring with 1, and R’ a subring of R such that 1€ R’. For
each of the following assertions, provide a proof or a counter example:

(a) if R is a field, then R’ is also a field;
(b) if R is a domain, then R’ is also a domain;
(¢) if R is a domain, then R is also a domain.

Let R and R be rings. Show: R1 x Rg is a domain < one of the rings R1,R2 is
a domain and the other is the zero ring {0}. Do the same exercise with the term
‘domain’ replaced by ‘division ring’, and also by ‘field ’.

An arithmetical function is a function f : Z-g — C. The sum f1 + f2 of two
arithmetical functions f; and f2 is defined by

(f1+f2)(n) = f1(n)+ fao(n), forneZ-y.
The convolution product f1 * fo of two arithmetical functions f; and f3 is defined
by

(fixfo)n)=)_ fl(d)fz(g) for n € Zso;
dln

here the sum is taken over the positive divisors d of n.

(a) Show that the set R of all arithmetical functions is a domain with respect
to these two operations.

(b) Let feR. Prove: feR* & f(1) #£0.

Let R be a commutative ring, and S € R a nonempty subset with the property
s,teS = steSs.
(a) Show that the relation ~ defined by
(a,8)~(b,t) < AueS:atu=bsu

is an equivalence relation on R x S.

(b) Let STIR = (R x S)/ ~, and let €S ~1R denote the equivalence class con-
taining (a,s). Show that SR equipped with the following addition and
multiplication is a commutative ring with 1:

s t st

a b_at+bs a b_ab
s t st

>

(¢c) Prove: S™IR is the zero ring < 0€S.

Let A be an abelian group. Prove: End(A)* = Aut(A).
Show that {f € C[0,1]): f is three times continuously differentiable} is a subring
of C([0,1]).
Let R be a ring with 1 and suppose a,b € R satisfy ab = 0. Show that (ba)? =0
and 1+ba€R™.
(G. Higman, Proc. London Math. Soc. 46 (1940), 231-248).
(a) Leta =(13)-{1-(12)},b =1+(12) € Z[S3]. Show ab =0, and use Exercise
to find a unit of Z[S3] not of the form +o with o € S3.
(b) Suppose G is a group and g € G has finite order and < g > is not a normal
subgroup of G. Prove that Z[G] contains a unit not of the form +A with
heg.

(c) Let G be a group and suppose g € G has order 5. Show 1-g— g1 € Z[G]*.

A Boolean ring (named after the English mathematician George Boole, (1815-
1864)) is a ring R such that x% = x for all x € R.

16
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34.

35.

36.

37.

38.

(a) Show that x +x =0 for all x in a Boolean ring R.
(b) Prove that every Boolean ring is commutative.

(c) Suppose that the Boolean ring R is a field. Prove that R contains only two
elements.

Let X be a set and R = (X) the set of all subsets of X. For A,B € R (so
A,B c X) define

A+B=(AuB)-(AnB), AB=AnB.

Show that in this way R defines a commutative ring with 1, and R is a field if
and only if #X = 1. Moreover, show that R is a Boolean ring (Exercise [33).
Suppose R is a unitary ring. Let v € R be a right inverse of u € R: uv = 1. Show
that the following 3 assertions are equivalent:

(a) u has more than one right inverse;
(b) u is not a unit;
(c) u is a left zero divisor.

(Due to Irving Kaplansky, Canadian/American mathematician, 1917-2006.)
Let R be a unitary ring and u € R such that © has more than one right inverse.
Prove that u has co many right inverses.

(Hint: if uv =1 and vu # 1, consider the right inverses v + (1 —vu)u'™.)

Let R be a finite unitary ring and take u € R —{0}. Show that the following
assertions are equivalent:

(a) u has a right inverse;

(b) u has a left inverse;

(¢) u is not a left zero divisor;
(d) u is not a right zero divisor;
(e) u is a unit.

Let R be a unitary ring. Show for a, b € R that

l1-abeR* < 1-bacR” @( ; ‘i‘ )eM(z,R)*.

1.4 EXERCISES
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RING HOMOMORPHISMS AND IDEALS

.1 _Ring homomorphisms

In Linear Algebra one especially studies the maps between vector spaces over a
given field which preserve the vector space structure; the so-called linear maps.
In Group Theory one similarly studies group homomorphisms: the maps between
groups preserving the group structure. We will now do the analogous concept for
rings.

II.1.1 Definition. A map f : R1 — R from a (unitary) ring R; to a (unitary) ring
R is called a (unitary) ring homomorphism if

@ f = 1,
()  fla+d) = fl@+f®),
(iii) fl@b) = f(a)-f(b)

for all @,b € R1. (The ‘(unitary)’ in the definition of ring homomorphism corresponds
to the first condition (i).)

A bijective ring homomorphism is called a ring isomorphism, the inverse of such
a bijection is ring homomorphism as well. Two rings R; and Ry are called isomor-
phic if a ring isomorphism R1 — Rg exists; notation: R; = Rg. An isomorphism
from a ring R to itself is called a (ring)-automorphism of R.

A unitary ring homomorphism from a field to a field is called a field homomor-
phism, and similarly we have a field isomorphism and a field automorphism.

I1.1.2 Examples. 1. If R’ is a subring of a ring R then the inclusion map R’ — R
is an injective ring homomorphism.
2. Let n € Z~¢. The canonical map

f:7Z — ZInZ, f(a) =a,

is a ring homomorphism, because @ +b=a+b and @-b = ab.
3. For every s € R* the map (conjugation by s):

Ys:R—R, rsrs L
is a (bijective) ring homomorphism. If R is commutative, then evidently ys = idg
for all s € R*. In case R = M(n,R) a change of basis in R” induces a conjugation
Ys on M(n,R).

4. If R1, Ro are rings then the projection f : R; x Rg — R1, f((a,b)) = a is a ring
homomorphism.

18
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I1.1.3 Definition. If f : R; — R is a ring homomorphism, then the image of f is
defined as
f(R1):={y€Rgo:3x € Ry with y = f(x)}.

The kernel of f is (as in the case of additive groups) defined as:

Ker(f):={xeR1: f(x)=0}.

Ring homomorphisms have properties that in many ways are analogous to those
of group homomorphisms. For example: is f : Ry — Rg a ring homomorphism then
the image f(R1) of f is a subring of Ra. The easy proof of this is left as an exercise.
Since a ring homomorphism is in particular a homomorphism of additive groups,
one finds:
Ker(f)={0} < f isinjective.

The kernel of a (unitary) ring homomorphism f is a possibly non-unitary subring,
namely f(1) is not necessarily equal to 0.

In Group Theory it turned out that not all subgroups occur as kernels of group
homomorphisms: only the normal subgroups do. Similarly we will now see that
not all non-unitary subrings occur as kernel of some ring homomorphism: only
so-called ideals do, which we will now define.

I1.2.1 Definition. Let R be a ring. An ideal of R is a subset I < R satisfying:
(I1) I is a subgroup of the additive group of R, in other words:

(HO0) 0€1;

(H1) a-b¢€l foralla,bel;

(I2) forallreR anda€el wehaverael andarel.

I1.2.2 Remark. Instead of ‘ideal’ one also says ‘two sided ideal’. Replacing (I12) by
the weaker assumption

(I2) VreR:Va€el:racl

the definition of a left ideal of R is obtained. Taking ar instead of ra one has the
definition of a right ideal.

An example of a left ideal which is not a right ideal - hence not an ideal - is
given in Exercise We will mostly be interested in commutative rings, and
here the three notions evidently coincide.

11.2.3 Example. Trivial examples of ideals are {0} and R itself. For every n € Z the
subset
nZ:={nkelZ: keZ} (€7Z)

of Z is an ideal of Z (verify!). _

I1.2.4 Remark. An ideal is a subring, in general non-unitary, however the converse
(is every subring an ideal?) is far from true in general: Z is a subring of Q but not
an ideal of QQ since, e.g.,

1 1
r=§€Q, a=1€Z, but ra=§€Z

so (I2) does not hold. In general: is R a ring with 1 and I an ideal of R with 1€ 1,
then I = R (namely, apply (I2) to a = 1); see[[.4.4] for a generalisation of this.

1.2 IDEALS
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11.2.5 Theorem. If f : R1 — Rg is a ring homomorphism, Ker(f) is an ideal of R1.

Proof.  We verify (I1) and (I12) for I = Ker(f).
(I1) This follows from the fact that f is a group homomorphism R — Rj.
(I2) ForreR1,acKer(f)one has f(a) =0, hence

fra)=f(r)f(a)=f(r)-0=0, flar)=f(@)f@)=0-f(r)=0,
which shows ra,ar € Ker(f), as desired. This shows [[I.2.5 [ |

Later (see [IT.3.5) we will see that the converse of holds as well: every ideal
I c R is the kernel of a suitably chosen ring homomorphism.

I1.2.6 Example. For n > 1 the kernel of the canonical ring homomorphism
f:7 — ZinZ, a—a
equals the ideal nZ discussed in Example|l].2.3 _
I1.2.7 Example. A straightforward verification shows that
[ :Z[i1 — Fo (= Z/27), a+bi—da+b (a,beZ)
is a (surjective, unitary) ring homomorphism. We claim:
Ker(f)={2r+Q+i)s € Zlil: r,s € ZIi} ={(1 + i)t € Z[i]: ¢t € ZIil}.

(If everywhere in this example i = v/—1 is replaced by v/—5, then the first ‘=’ still
holds, but the second one does not: see Exercise [[L.5|[17}) We start by proving the
first equality:

‘>’ gince f is a ring homomorphism, all r, s € Z[i] satisfy

fCr+(1+0s)=Ff@)f(r)+fA+i)f(s)=0-f(r)+0-f(s)=0.

‘cIf a+bi € Ker(f) for some a, b € Z, then a +b = 0mod2 hence a = b + 2k for some
keZ. Thena+bi=b+2k+bi=2k+(1+1i)b with k,b e Z c Z[il.
For the second ‘=’ sign one observes:

2r+(1+i)s=A+)A-Dr+A+i)s=0+1)-(1-Dr+s)=1A+1)t,
for t =(1—1i)r +s, showing ‘c’. Moreover ‘>’ is evident since one can take r =0, s = ¢.
By Theorem |[I1.2.5|both sets are ideals. Check that this can also be seen directly
from the definition of an ideal. _
As we saw in the example above, the subsets
2711+ (1 +i)ZIi], (1 +)ZIi]

are ideals in Z[i], in fact the same ideals. More generally:

I1.2.8 Definition. Let R be a commutative, unitary ring and take a1, as...,a, € R.
The ideal generated by a1, aq,...,a, is defined as:

Rai+Rags+...+Ra, ={ria1+reas+...+rpa,: ri,re,...,r, € R}.
If it is clear from the context which ring R is considered, then one writes
(a1,as,...,ay):=Rai+Ras+...+Ra,.

An ideal I c R is called a principal ideal if I = (a) = Ra for some a €R.
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Verify using Definition [[T.2.T] that indeed this defines an ideal (in case R is not
commutative, one in general only obtains a left ideal in this way).

11.2.9 Examples. The ideal (2, 1 + 1) c Z[i] is principal, namely we showed earlier
that (2, 1+i)=(1+1).

Also the ideal I = (4, 6) c Z turns out to be a principal ideal: 2=(-1)4+6¢€ [
hence 2Z c I (use (I12)) and on the other hand 4, 6 € 2Z which implies I = 4Z+6Z < 27..
This shows (4, 6) = (2).

Note that in the above definition, since R is unitary, ai,as,...,a; are contained
in the ideal Rai +Rag +...+Ra;. Any ideal I containing all a; also contains by
(I2) all elements in Ra1,Rag,...,Ra; and therefore using (I1) all elements from
Rai+Rag+...+Ras. Hence Rai+...+Ra; is the smallest ideal containing a1,as,...,a;.

In Section [II.4] we will study generators of ideals in more detail.

Given any ring R one can define (see Chapter[[II.1]below) the ring of polynomials in
the variable X with coefficients in R, denoted R[X]. This is analogous to probably
familiar polynomial rings such as Z[X] and R[X]. For this reason the next result
is given in a rather general setting.

11.2.10 Theorem. Let R be a commutative ring with 1 and a € R.
The map ‘evaluation in a defined as

n . n .
evy :R[X]—R, eva(Zain):Zai.al
i=0 =0

is a (surjective, unitary) ring homomorphism (note that evy(f) = f(a)).
Moreover
Ker(evy) =X -a)={X-a)g: ge R[X]}.

Proof: The fact that ev, defines a ring homomorphism we will show in much
more generality in Theorem([[I[.2.T). It is surjective since any r € R satisfies r = ev,(r).
We now show the second assertion.

‘>’: Note that evy(X —a)=a—a =0, hence X — a € Ker(ev,), and because Ker(®,)
is an ideal then also R[X1(X — a) c Ker(evy).

n . n .
‘c’: Suppose that Y a;X* € Ker(evy,), then Y a;a' =0, hence
i=0 i=0
TioaiX! =Xl ,aX' -Yi a;d
- rhadi-a
= Y aiX T +aX 2+ L +al 83X+ a 2X +al (X - a)
RIX]I(X - a).

This proves Theorem |
I1.2.11 Examples. A simple special case is the ring homomorphism
evo :RIX]— R, f— f(0).
Writing f =Y a; X we find f£(0) = ag hence
Ker(evo) = {f €R[X]: f=) a; X' and ag = 0}.

Since a¢ = 0 precisely when f = Xg with g = Z?zlaiXi_l € R[X], one concludes
that indeed Ker(evg) = XR[X].
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For the next example, note that in R[X, Y] every polynomial can be written as

J=0

Y ai X'V =} ( “iJ'Xl)YJ =) fiXY7
L.J i=0 j=0

where f;(X)=Y" ja;;X !, Hence a polynomial in two variables X,Y can be re-
garded as a polynomial in one variable Y with coefficients from the ring R[X]:
RIX,Y]=RIXDIY].
Any f € R[X] therefore defines a ring homomorphism
evy :RIX,Y]=RIXDIY] — R[X], FX,)Y)—-FX,f(X)).
The kernel of this ring homomorphism is by Theorem the ideal
Ker(evy) ={(Y - f(X))G(X,Y): G(X,Y)eRIX,Y]}.

A special case is obtained when f = 0. Verify (without using the theorem) that in
this case indeed (Y) c R[X,Y] is the kernel of evy.

[1.3 The factor ring R/I.

Let R be a ring and I < R an ideal. Then I is a normal subgroup of the additive
group of R (by (I1) and the fact that R* is abelian). The set of residue classes

R/I .={a:=a+I cR: a€R}

of { in R is therefore an additive group, with addition @+ b = a + b. Two elements
a,beR/I, so two subsets of R as above are equal precisely when a —b € I:

a=b < a+lI=b+1 < a-bel,

namely =: a+I =b+1 and 0 € I implies a+0=b+i forsomei €I, hencea-b=i€l;
<: If a = b+i with i € I then it follows, since I is a subgroup of R*, that i +1 =1
and thereforea+I=b+i+I=b+1.

We now define a multiplication on R/I by

(@a+D)-(b+I):=ab+I, ie., a-b=ab.
To verify that this is well one needs to show: if

a=ai, 5251 then EZ(Zlbl.

The condition a = a1 implies a; = a +1i with i € I, and analogously b1 = b + j with
j€I. Hence:

arbi=(@+i)b+j)=ab+ib+aj+ij=ab+k where kel,

because I is an ideal which implies ai, bj, ij € I by (I2), and then by (I1) the sum
kisin I as well. Now a1b1 =ab+k, k€l,is equivalent to a1b; = ab. As a result,
the multiplication on R/I is well defined.

IL.3.1 Remark. The rule @b = ab is not well defined in the group Q/Z (try for
example a = %, b=3,a1= %, b1 =2). The subgroup Z of QQ is therefore not an ideal
in Q, as we already noticed in[[[.2.4]
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It turns out that (R/I,+,-,0,1) is a ring, called the factor ring (or quotient ring) of
R modulo 1.
By way of example we verify one of the distributive laws (R3):

a(b+c) =abb+c) (by definition of +)
=a(b+c) (by definition of -)
=ab+ac (since (R3) holds in R)
=ab+ac (by definition of +)
=a-b+a-¢ (by definition of -).

In a similar way one verifies the remaining ring-axioms.
If R is commutative, so is R/I. If R contains a 1 then 1 is a unit element of R/I.

11.3.2 Example. The rings Z/n7Z are special cases of this construction. Taking for
example n = 6 we see that R/I may have zero divisors even if R does not. _

I1.3.3 Definition. Given a ring R and an ideal I c R, the map
¢:R—R/I, ¢a):=a=a+l,
is called the natural or canonical map.

11.3.4 Theorem. For any ring R and ideal I c R the natural map ¢ :R — R/l is a
surjective ring homomorphism with kernel Ker(¢) = 1.

Proof. Surjectivity of ¢ is clear. From
Pla+b)=a+b=a+b=da)+pb),

Pplab)=ab=a-b=a) ¢(b)

it follows that ¢ is a ring homomorphism. Finally

Pa)=0 <= a=0 < acl
hence I = Ker(¢). This proves Theorem [[1.3.4] [ |

11.3.5 Corollary. Let R be a ring and I c R. Then:

I isanidealin R < aring homomorphism f:R — R' exists with Ker(f)=1.

Proof. <: This is|I1.2.5| =: take R’ =R/I,f = ¢ as in[I1.3.4] This shows[l1.3.5| N

The preceding results are analogs of results in Group Theory. We will now formu-
late the results corresponding to the homomorphism- and isomorphism theorems.
Because of the far reaching analogy the proofs will be quite brief.

I1.3.6 Theorem. (The homomorphism theorem for rings). Let f : R4 — Ry be a
ring homomorphism and I c Ry an ideal with I c Ker(f). Take ¢ : R1 — R1/I the
canonical ring homomorphism.

Then a unique ring homomorphism g : R1/I — R exists with f = go¢p. Moreover,

Ker(g) = p(Ker(f)), Ry —f> R
(pl g
Ry/1
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Proof.  If g exists, then f(a) = g(¢(a)) = gla+1) for all @ € R1. We would therefore
like to define: g(a + 1) := f(a). The (possible) problem with this is that possibly
a+1=>b+1 whereas f(a)# f(b). In this case the proposed assignment does not de-
fine the image of a residue class, since the choice of a representing element affects
the outcome.

However, the condition I c Ker(f) implies that the problem described here does
not occur:

a+I=b+1 = a-belcKer(f) = fla-b)=0 = f(a)=F(b).

We can therefore assign a uniquely determined element f(a) in Rg to every residue
class a + I in R1/I. This defines

g:R1/I — Ro, a+1~— f(a).
It is not hard to verify that g is a ring homomorphism with kernel ¢(Ker(f)). |

I1.3.7 Theorem. (The first isomorphism theorem for rings). Let f :R1 — R be a
ring homomorphism.
Then there exists an isomorphism of rings:

Ri/Ker(f) — f(R1), da=a+Ker(f)— f(@) (a€Ry).
In particular, in case f is surjective one finds R1/Ker(f) = Ro.

Proof.  Applying the previous result with I = Ker(f') yields a ring homomorphism
g : R1/Ker(f) — Ry with Ker(g) = ¢(Ker(f)) = 0, hence g is injective. As a conse-
quence, g : R1/Ker(f) — f(R1) c R is a bijective ring homomorphism, so an isomor-
phism of rings. This proves [ |

11.3.8 Example. Combining Example [[1.2.7| and Theorem |II.2.10[ and the second
example from Examples|I1.2.11| with the first isomorphism theorem shows:

ZIi1(1+7) = s, RIXV(X -a)=R, RIX,YINY - f(X)) = R[X].

— .

11.3.9 Example. Let N € Z and (Z/NZ)[X] the ring of polynomials with coefficients
in Z/N7.. We will use the first isomorphism theorem to prove:

ZIXVYNZIX1= (ZINZIX].

Define the map
n . n .
v ZIX]— (ZINZ)X], Y aX'— ) @ X,
i=0 i=0

with a; = a; mod N € Z/NZ. Verify for yourself that y is a surjective ring homo-
morphism. If Y7  ja; X =0then @;=0 Vi (since the definition of polynomials
includes the property Y, X =Yd; X! precisely when a; = b; for all i). Now @; =0
means a; = Nb; for some b; € Z. Taking out the factor N one concludes

¥(} aiX")=0= )Y a;X'=N(}_b;X"),
i=0 i=0 i=0
hence
Ker(y) = NZ[X] c Z[X].
The first isomorphism theorem therefore yields the desired isomorphism. _ =
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For the ring theoretic equivalent of the second isomorphism theorem we refer to
Exercise The third isomorphism theorem corresponds to the next result.

I1.3.10 Theorem. Let R be a ring and I an ideal of R and ¢ : R — R/I the natural
map. There exists a bijection between the ideals J' of R/I and the ideals J of R
containing I. This bijection assigns to the ideal J' of R/I the ideal J of R given by

J:={xeR: ¢p(x)eJ’}  (notethat GJ)=J).
Moreover, for any ideal J of R containing I we have

RIJ = (RID) [ $(D.

Proof.  This is completely analogous to the proof of the corresponding theorem in
Group Theory, see Exercise[25|on page |

11.3.11 Example. Let (a, b) € R and put
I:=(Y-b)=( -bRI[X,Y]

and
J=X-a,Y-0)=X-a)R[X,Y]+(Y -b)R[X,Y].

Then I and J are ideals in R[X,Y ] with I < J. We will show that
RIX,YVJ =R.
The ring R[X,Y J/I has a simple description, see|I1.3.8
@y :RIX,YVI—RIX], F+I—F(X,b).
Using the ring isomorphism @, it follows that
(R[X,Y]/I)/(,D(J) = RIX VD (p(J)), with ¢:R[X,Y]—-R[X,YVI

the natural map.
In order to apply Theorem [[I1.3.10] we determine the ideal @ (¢(J)) of R[X].
Define Wj, := ®po0¢p: R[X,Y]— R[X]. Since @p(p(F)) = Dp(F +1)=F(X,d), we find:

Qpop="p :RIX, Y] —RIX], FX,Y)—F(X,b).

The ideal Wy (J) = @p(p(J)) of R[X] therefore equals

Dp(p(J)) = V() Y (Y - b)Y, (RIX, YD+ V(X —a)¥(RIX,Y])
0+ (X -a)R[X]

(X - a)RIX].

We conclude
RIX,YVJ =RXU/X —a) =R, F+J—-FX,b)+(X-a)— F(a,b),

again using Theorem
The canonical map v : R[X,Y] — R[X,Y]/J being a surjective homomorphism

with Ker(y) = J therefore implies that
v:RIX,Y]—R, F—F(a,b)

is a (surjective) ring homomorphism with kernel ¢/, showing R[X.Y1/J =ZR. In the
special case a = b =0 you may try to find a more direct proof of this. _ =
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I1.4  Calculating with ideals

In[II.2lwe defined
(ai,...,ap)={ria1+...+rpa,: r; e R},

the ideal generated by ai,...,a, in a commutative ring R with 1. Moreover (Defi-
nition [[I.2.8) an ideal in such a ring R is called principal if it can be generated by a
single element.

I1.4.1 Definition. We say that a ring R is a principal ideal ring if every ideal in R
is a principal ideal.

11.4.2 Theorem. The ring Z is a principal ideal ring.

Proof Let I be an ideal in Z. If I = {0} then certainly I is principal. If I # {0} then
an n € I with n # 0 exists. Put

N :=min{nel: n>0}.

We claim that I = (N) = N7, a principal ideal.
Since N € I it follows by (I12) that NZ < I. Vice versa let n € I. Division with
remainder in 7Z yields g € Z and r € Z> satisfying

n=qN+r 0<r<N.

Since I is an additive group and n,qN € I, it follows that r =n—qN € I. Given
that N is the smallest positive element in I and 0 <r <N, we conclude r =0. As a
result,

n=gqNeNZ=(N),

so I ¢ NZ and therefore I = N7Z is a principal ideal, proving Theorem |I11.4.2 |

11.4.3 Example. We show that the ideal
(X,Y)= XRIX,Y1+YR[X,Y] c R[X,Y]

is not a principal ideal.
Suppose that (X, Y) were a principal ideal. Then f € R[X,Y] exists,

f=agp+a0X +aolY +..., with fR[X,Y]=(X,Y).

From fR[X,Y] c XR[X,Y]+YR[X,Y] one knows f = f-1=Xh+YEk for certain
h,k e R[X,Y]. This implies agg = 0. Note

X = fh
with A,k € R[X,Y]. From X = fh one concludes aig # 0 and A(0,0) = aI& #0.
Similarly Y = f%& implies a1 # 0 (here one uses ago = 0). This yields a contradiction,
since:
fh=(@10X +ap1Y +..)ag+..) =X +ap1a;jY +... #X,

using a01aI& # 0. Conclusion: (X, Y) is not principal. _

We will see later that R[X ] and Z[i] are principal ideal rings (the proofis analogous
to that of Theorem [I1.4.2), and that Z[X] and Z[v —5] are not principal ideal rings.
We now show (Corollary [[T.4.5) that every division ring is a principal ideal ring.
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11.4.4 Theorem. If R is a unitary ring and I an ideal of R with INnR* # &, then
I=R.

Proof. Letae INR*. From a € R it follows that 35 € R : ab = 1. Then (I2) (with
r =b) implies 1 € I. Again using (I2) (with a = 1) shows that every r €e R is in I,
hence R =1I. This proves Theorem [[T.4.4] |

I1.4.5 Corollary. The only ideals in a division ring R are {0} and R =R-1. In
particular division rings are principal ideal rings.

Proof. Let I cR be an ideal. If I contains an element a #0 thena € R* so I =R by
If I does not contain an element # 0 then I = {0}. This shows Corollary[IT.4.5
|

11.4.6 Corollary. Every unitary ring homomorphism f : D — R from a division ring
D to a ring R # {0} is injective. In particular every field homomorphism is injective.

Proof. The kernel Ker(f) of f is an ideal of D, so Ker(f) = {0} or D (by [[L.4.5).
However (1) =1 # 0 since R # {0}, hence 1 ¢ Ker(f) which implies Ker(f) # D.
Therefore Ker(f) = {0} and as a consequence [ is injective. The second assertion
follows immediately from the first. |

I1.4.7 Definition. For a ring R and ideals I,/ of R one defines the sum of I and J
by
I+J={x+y:xel,yed}.

Using Definition it is immediate that I +J is an ideal of R. Moreover
I +J contains the two ideals I and J, and every ideal containing both I and < also
contains I +<J. Hence I + ¢/ is the smallest ideal containing I and /. This naturally
raises the question to describe the largest ideal of R contained in the ideals I and
J. It turns out that this is the intersection I ndJ: verify for yourself that indeed this
is an ideal of R and that any ideal of R contained in both I and ¢/, is contained in
Ind.

I1.4.8 Definition. Ideals I and ¢/ in a unitary ring R are called coprime or relative
prime if
I+J=R.

In Example this terminology will be explained using the special case
R =7. In general, given that R is unitary

I+J=R < lel+dJ (by[I1.4.4)
— dxel,yed:x+y=1.

11.4.9 Definition. The product of ideals I and J in a ring R is defined by

n
I.J:{inyi: neZzo,xi€1,yi€J}~
i=1

Again it is not hard to verify that the product of ideals I, in a ring R is also
an ideal of R; note that Exercise on page shows that {xy:x € I,y € J} is
not necessarily an ideal of R. Since x;y; € I for all x; € I and y; € J (by (I2)), every
element 3", x;-y; of I-J is also in I. Similarly I-J < J which shows that I-J < IndJ.

cl
I-JcInd cl+JcR.
cd

Sums, intersections, and products can be defined in general for more than two (but
in case of products, finitely many) ideals. The result is again an ideal.
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11.4.10 Example. We now consider the concepts introduced above in the special
case R =Z. Every ideal of Z is a principal ideal Za (see[[1.4.2).

The sum of two ideals (not both {0}) corresponds in this case to the greatest
common divisor of the generators:

Za+7Zb=7d with d=gcd(a,b).

Proof: By Theorem [[T.4.2] one has Za + Zb = ZN, i.e., (a, b) = (V) for some N € Z.
Hence we wish to show that d = N. Since a and b are divisible by d and &,/ € Z
exist with ak + bl = N, one concludes d|N. On the other hand (a, ) = (N) implies
that a =a-1+b-0=r1N and similarly b = rgN for certain ri,rgo € Z. Therefore
Nla and N|b which shows that N is a common divisor of a and . Now all common
divisors divide the largest common divisor, so N|d. From d, N € Z~¢, d|N, N|d one
concludes d = N which finishes the proof.
In particular the argument above shows

ged(a,b)=d = ka+1lb=d forcertaink,l€Z,

a statement called ‘Bézout’s identity’ (after the French mathematician Etienne Bé-
zout, 1730-1783) although it was in fact proven much earlier by the French math-
ematician Claude Gaspard Bachet de Méziriac (1581-1638).

As a consequence, the ideals Za and Zb are relative prime if and only if a,b
are coprime, i.e., ged(a,b) = 1. This explains the terminology introduced in Defini-
tion[I[.4.8

The intersection of two ideals Za,Zb corresponds to taking the least common
mudltiple of the generators:

ZanZb=17Zc withec=Icm(a,b).

Proof: x € Za NnZb © x is a multiple of both a and b < x is a multiple of ¢ © x € Zc.
Finally, the product of two ideals corresponds to the product of the generators:

Za -7.b =Zab.

The easy proof of this is left as an exercise. _

If R is a commutative ring with 1 then:
(@1,...,an)(b1,...b,) =(a1b1,...,aibj,...,a,by)
as is easily verified using the definitions. Moreover
(a,b)=(a+rb,b)

for all a, b, r € R (verify!), in this way one can ‘eliminate’ generators.

I1.4.11 Example. In the ring Z[v —5] one finds:

(2,1+v-5)-(8,1-v=5)=
=(6,2-2v-5,3+3V-5,6)
=(6,2-2v-5,1+5V-5)
=(6,6v—5,2-2v—5,1+5v-5)
=(6,2-2v-5,1-v-5b)
=((1+V-5)-(1-V=5),2(1-v-5),1-V-b)
=(1-vV-5).

Neither of the ideals (2, 1+ v—5) and (3, 1 - v —5) is principal (see Exercise |17/ on
page [32), however the calculation above shows that their product is a principal
ideal. Multiplying ideals plays an important role in (algebraic) number theory. __mm
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I1.4.12 Theorem. (Chinese remainder theorem for rings). Let R be a commutative
ring with 1 and suppose I, J are coprime ideals of R, so I +J =R.
Then Ind =1-J and there is an isomorphism of rings

R/I-J)=R/I)x(R/J), a+I-J)—(a+1,a+dJ).

Proof. We first show that I +J =R implies InJ =1-4J.
The inclusion I NnJ > I - is true in general. For the other inclusion, by I+J =R
there exist x € I, y € J with x + y = 1. Hence every z € I nJ satisfies

z=z'l=z-(x+y)=x-2+2-y

where x-z€l-J (since xel,zeJ)and z-yeI-J (since z€ I,y € J). Therefore
zel-J. Thisproves INnJ =1-dJ.

Take ¢p1 : R — R/I and ¢2 : R — R/J the canonical ring homomorphisms with
kernel I and o/, respectively. Define

¢:R— (R/I)x(R/J) P(a) = (¢p1(a), p2(a)).

We claim that ¢ is a surjective ring homomorphism with kernel I -J is. Using this,
the desired isomorphism R/I -J = (R/I) x (R/J) follows immediately from the first

isomorphism theorem
(1) ¢ is a ring homomorphism:
@(ab) = (¢p1(ab), Pp2(abd)) = (Pp1(a)p1(b), Ppa(a)p2(b))

(since ¢1,¢2 are ring homomorphisms). Here the right hand side equals

=(¢p1(a), Ppa(a)) - (p1(b),p2(b))
= Pp(a)p(b)

by definition of the multiplication on a product of two rings. So ¢(ab) = p(a)p(b).
In a similar way one verifies ¢(a + b) = ¢p(a) + P(b).

(i) Ker(¢)=1-J: we have a € ker(¢) precisely when (¢p1(a),p2(a)) = (0,0), which is
equivalent to a € Ker(¢p1) =I Aa e Ker(¢pa) =J, hencetoaeInd =1-J.

(iii) ¢ is surjective: take x+y =1 as above with x € I,y € J. Then

$1(x)=0, ¢Pa(y)=0
and (using x=1-y)

Pa(x) = pa(1)—pa(y)=1-0=1€R/J,
P1(y)=p1(1-x)=1€R/I.

This shows ¢(x) =(0,1), ¢(y)=(1,0). Now let (a¢ mod I,b mod J (with a,b € R)
be an arbitrary element of (R/I) x (R/J) and put ¢ = bx +ay. Then

¢1(c) = ¢p1(b)P1(x) + P1(a)P1(y)
= ¢1(6)-0+¢1(a)-1
= ¢1(a)

and similarly ¢a(c) = ¢2(b). Therefore ¢(c) = (@ mod I,b mod JJ) which shows
that ¢ is surjective.

This proves the Chinese remainder theorem. [ |

11.4.13 Corollary. Let n,m € Z be relative prime. There is a ring isomorphism

ZinmZ = (ZinZ) x (ZImZ), a+nmZ— (a+nZ,a+m).
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Proof. This follows from [[1.4.12|using Zn + Zm = Z ged(n,m) = Z (Example|11.4.10).
|

Note that the condition that n, m are coprime is necessary. For example we have
Z/A7, 2 7127, x 7./27. since the additive groups of these rings are not isomorphic.

11.4.14 Example. Let R = Q[X] and take
I=Q[X]-X-1) en J=QIX]- (X +1).
Then
—%(X—l)el, %(X+1)€J, and - %(X—l)+ %(X+1)= 1,
so the ideals I and ¢ are coprime. We have
I-J=QIX]- (X +1)(X -1)=QIX]-(X*-1),
and [[T.4.12)implies
QIXVQIX1X? - 1) = (QIXVD) x (QIXV]).
Furthermore[[[.2.10]shows Q[XVI = Q, f — f(1) and Q[XV/J =Q, f — f(~1), hence
QXVQXIX*-1D=QxQ,  f+X*-D—(fQ), f(-1).

11.4.15 Example. If R = R; x Ry where R1,Ry are rings with 1, then (1,0) and
(0,1) are idempotents of R. We will now show that in case R is commutative, all
idempotents are obtained from writing R as a product of two rings.
So let R be a commutative ring with 1 and e € R an idempotent. We apply
ML4.12to
I=R-e, J=R-(1-e).

From e+(1—e) = 1 it follows that I and J are coprime. We have I-J = R(e—e?) = {0},
since e is idempotent. Hence R/I -JJ = R/{0} =R and yields

R =Z(R/Re) x (R/R(1-e)),

with an isomorphism sending e to (0,1) and 1—e to (1,0). Apparently 1—-e is an
idempotent as well, as one may also verify directly.

We conclude that for any commutative ring R with 1 we have a 1—1 correspon-
dence between pairs of idempotents {e,1— e} of R and ways to write R as a product
of two rings R1 and Rs.

An explicit example: using R = Z/6Z, e = 4, one obtains Z/6Z = (Z/27) x (Z/37Z)
(compare [I1.4.13). _
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[I.b_Exercises

1. Let R be a unitary ring. Show that a unique unitary ring homomorphism
f :Z — R exists.
The non-negative generator of Ker(f) is called the characteristic of R, notation:
char(R).

2. Prove that the characteristic of a domain is either 0 or a prime number.

3. Show that the following rings have no ring automorphism except the identity:

Z., ZInZ(forne€Zsg), Q.

4. Let o be a ring automorphism of R.
(a) Prove: x>0=ag(x)>0.
(b) Prove: 0 =idR.

5. Show that C admits a ring automorphism different from the identity map.

6. Let K be a field and R c K a subring with 1 € R. Assume that every element of
K can be written as as~! with a,s € R,s # 0. Show: K is isomorphic to the field
of fractions Q(R) of R.

7. Is det: M(n,R) — R a ring homomorphism?

8. Let f : R; — Rg be a unitary ring homomorphism. Show that g = f|R] is a
group homomorphism R} — RJ, and show by means of an example that g need
not be surjective in case f is.

9. Let G = {1,0} be a multiplicatively written group with two elements. Define
f:RIGI—- R xR by f(a+bog)=(a+b,a->b), for a,b € R. Show that f is a ring
isomorphism.

10. (a) Let R be a domain and R’ <R a subring with 1€ R’. Show that Q(R’) can
be regarded as a subring of @(R) (hint: verify that 7 — 7, with the first
“fraction" in Q(R') and the second one in Q(R), is a well defined injective
ring homomorphism).

(b) Prove for any domain R that

R—QR):r— g is surjective <= R is a field.

(c) Suppose m € Z satisfies /m ¢ Z. Show that @(Z[y/m]) can be identified
with Q[/m].
11. Prove: End(Z*) = Z, End(Q") = Q, End((Z/nZ)*) = Z/nZ as rings.
12. Let (A, +,0) be an abelian group and B = {a € A : a has finite order}. Define I
End(A) by
I ={c € End(A):0(x)=0for all x € B}.

Prove that I is an ideal of End(A) and End(A)/I is isomorphic to a subring of
End(B).
13. Let R be a ring. For a € R we define 14,0, : R — R by A4(x) = ax, py(x) = xa.

(a) Show that A4,p, € End(R*) for alla € R.

(b) Show that the map f:R — End(R"), f(a) = A, is a ring homomorphism.
Moreover prove that in case R is a ring with 1, then f is unitary and
injective.

(c) Show that the map g:R® — End(R™), g(a) = p, is a ring homomorphism,
where R? denotes the ‘opposite ring’ defined in Exercise[11]on page
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14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

00
n=1’

A Cauchy sequence over Q is a sequence (a,,) with a, € Q satisfying:

VeeQso: Ing: Va,m>ng: la,—am| <e.
The set of Cauchy sequences over Q forms a ring R, with component wise oper-
ations. A zero sequence is a sequence (a,)3>; with a, € Q satisfying lim a, =0.
- n—oo
Show that I € R and that in fact I is an ideal of R. Moreover, show that R/I = R.
Let R be aring with 1 and G a group. Define f : R[G] - Rby f( ¥ agg)= ¥ a,.
G geG

Show that f is a surjective ring homomorphism, and that the kernel Ker(f) is
generated by {g—1: geG}.
Let R =7[X] and put

&:ZIX1—Z/2Z,  f— f(0)+2Z.

(a) Show that ¢ is a surjective ring homomorphism and that Ker(¢) = (2, X).
(b) Prove that (2, X) is not a principal ideal.
Let R = Z[v-5] and

¢:ZIV-5]1— Z/3Z, a+bv-5—a+b (a,beZ).

(a) Prove that ¢ is a surjective ring homomorphism.
(b) Prove that Ker(¢) = (3,1-v/-5).
(c) Prove that Ker(¢) is not a principal ideal, as follows: if Ker(¢) = (x), then
3=xy and 1- V=5 =xz. Consider N(xy) and N(xz) with N as in )
(d) Prove similarly that (2, 1+ v/—5) is not principal.
(e) Is the ideal (3,1 —+v/—=5)-(3, 1 - v/—=5) principal?
Define ¢ : Z[i] — F13 by ¢(a + bi) =a +5b mod 13.
Show that ¢ is a ring homomorphism with Ker(¢) generated by 13 and i — 5.
Find one generator for Ker(¢p).
Let R be aring and I c R a left ideal containing a right unit. Show: I = R.
Let R and R be rings and I ={0} x R c R1 x Ro.
(a) Show that I is an ideal of R{ x Rs.
(b) Prove that (R1 xR9)/I =R1.
(c) In case Rg is unitary, show that I is a principal ideal.

Let R1 and Rg be rings. Show that all ideals of R; x Ry are of the form I; x Iy
with I; an ideal of R; (i = 1,2).

Let R be a ring with 1 having the property that f : R — R, f(x) = x? is a ring
homomorphism. Prove that R is commutative, and char(R) = 1 of 2 (see Exer-
cise [[L5|I). Moreover, show that Vx € Ker(f): 1+x€R*.

(a) Show that
{(a b)e\/](2,R):b=d=0}
c d

is a left ideal but not a right ideal of M(2,R).

(b) Find a right ideal of M(2,R) that is not a left ideal.
Let n € Zs¢. In this exercise elements of M(n,R) are considered as R-linear
endomorphisms of R”. By W we denote an R-linear subspace of R”.

(a) Show that {A € M(n,R):Vw € W: Aw = 0} is a left ideal of M(n,R).
(b) Show that {A € M(n,R): Vv e R": Av € W} is a right ideal of M(n,R).

(c) Prove: every left ideal of M(n,R) is of the form described in (a), and every
right ideal of M(n,R) is of the form described in (b).
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(d) Prove that {0} and M(n,R) are the only two sided ideals of M(n,R).

25. Let I c R be an ideal in a ring and write ¢ : R — R/I for the corresponding
natural map.

(a) Suppose J' < R/I is an ideal. Show that
¢ 1IN :={xeR: px)eJ"}

is an ideal of R. Note that I c ¢~ 1(J").

(b) Show that J' — ¢~ 1(J') defines a bijection between the ideals J' of R/I
and the ideals J of R with I c J.

(c) Prove that any ideal J of R with I c J satisfies (R/I)/¢(J) = R/dJ.
26. Let K be a field. The ring of dual numbers over K, notation: Kle], consists of
the expressions a + be for a,b € K, and addition and multiplication as follows:

(a+be)+(c+de)=(a+c)+(b+d)e,

(a+be)-(c+de)=(ac)+(ad +bc)e
(in particular €2 = 0), with a,b,c,d € K.
(a) Prove: K[e] = K[X1(X?).
(b) Prove that K[e] contains precisely three ideals.
(c) Prove: K[e]* =K* xK* (as groups).

27. Let Rbearingwith1#0and I =R—R*. Suppose that Vxel:3n € Zg:x" =0.
Show that I is an ideal of R, and that R/I is a division ring.
28. Let R be a ring and I an ideal of R. Suppose R’ c R is a subring. Prove:

(a) R'nIis anideal of R’;
(b) R'+I={r+s: reR’',sel}is asubring of R;
(¢c) I'isanideal of R' +1;
(d) R/R'nI)=(R'+I)/I.
29. Let R be a ring with 1. Define

n
[R,R]= { Y rixiyi — yixi): n€Zso, Ti, Xi, i ER}-
i=1

Prove that [R,R] is an ideal of R and R/[R,R] is a commutative ring.

30. Let
R:{(“ b )eM(Z,R):czO}
c d

en

0 b
I:{( 0 0 )eM(2,R).b€R}.

Prove the following assertions:
(a) R is a subring of M(2,R);
(b) Iis anideal of R, and R/I =R xR,
(¢) R is not commutative but R/I is.

31. InR =Z[X]take I =(2,X). Show that X2+4 € I-I, and X2+4 can not be written
as xy with x,y € I. Conclude that {xy: x,y € I} is not an ideal of R.

32. Let R be aring and I, ideals of R. Prove (I +J)-(INnJ)c (I -J)+(J -I). Show
that equality holds in case R =Z.

33. Prove that[[T.4.12]also holds for non-commutative rings, provided one replaces
intwo spots I-J by I-J+J-1.
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34.

35.

36.
37.

38.

39.
40.

Let R be a ring with 1 and I1,19,I3 ideals of R.

Show: 11 +13 ZR/\IZ +13 =R =>(11~I2)+I3 =R.

(Chinese remainder theorem for more ideals). Suppose R is a commutative
ring with 1, and I1,Is,...,I; are ideals of R which are pairwise coprime, i.e.,
Ii+I; =R for 1<i<js<t Prove: R(\_;I;) =[I'_;(R/I;). (Hint: show
(I1-Ig-...-1;-1)+1; = R as in Exercise[34]above, and use mathematical induction
with respect to ¢.)

Let R be a ring with 1 such that 1+ 1€ R*. Prove: R[IXV/R[X1(X%2-1)=R xR.
Put R ={(a,b)eZ xZ:a=bmod 2}.

(a) Verify that R is a subring of Z x Z.
(b) Show that Z[XVZ[X]-(X?-1)=R.

(c) Prove that Z[XVZI[X]-(X2—1) is not isomorphic to Z x Z (for example: find
the idempotents in both rings).

(d) Show that no f € Z[X] exists with f(1) = 1, f(-1) = 0. (Do you see the
relation between this and the other parts of this exercise?)

Let R be a commutative ring with 1, and wi,ws,...,w,, elements of R such that
w;—w;€R™ forall i,j with 1<i <j<m. Take f =[] (X —w;) € R[X]. Prove:
RIXVRIX]f 2R xR x...x R (product of m copies of R).

Prove QIX1/QIX1(X3+X) = QxQIX1/(X2+1) and RIXV/R[X1(X*-1) = RxRxC.
Suppose R is a commutative ring with 1. By Id(R) we will denote the set of
all idempotents of R (including the trivial idempotents 0 and 1). Show that if
e1,e9 € Id(R) then also e +eo —2e1e9 € Id(R) and eqeg € Id(R).

Show that Id(R) becomes a commutative ring with addition @ and multiplica-
tion o defined by e; ®eg =e1+eg—2ejeg and e;oeg =e1eq.

Under which conditions is Id(R) a subring of R?
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|11 RINGS OF POLYNOMIALS

[11.L1  Polynomials

Let R be a ring. We will define a ring R[X] called the polynomial ring over R in the
variable X. A polynomial with coefficients in R is a formal expression

<00

ZaiXi=a0+a1X+a2X2+..., a;€R.

=0
Here the a; are called the coefficients of the polynomial Zf:gaiX i Two polynomi-
als ZﬁoaiXi and Zzi\iobiXi are by definition equal if and only if Vi =0: a; = b;.
Moreover with 0 < N < M we say that ZfioaiXi = Z?ﬁoain in case a;j = 0 for all
J with N < j < M. Instead of the symbol/variable X one also uses other symbols
such as Y,Z,U,T,Xo,X1,.... Terms a;X* with a; = 0 are usually deleted. Instead
of 1- X’ one writes X?, and (—a)- X' is written —aX". For example:

1-2X+X3=1+(-2)-X+0-X2+1-X°2.

One often denotes a polynomial ¥ a; X’ by a letter such as f, or by f(X) if it should
be made clear which variable is used.

IT1.1.1 Remark. The description of polynomials as formal finite expressions is by
far the most intuitive one. However, alternatively polynomials may also be intro-
duced as follows.

Let N=7-¢ and let R be a ring. A ‘polynomial’ is a function

a : N—R

such that some N exists with a(n) = 0 for all n > N. Identifying a polynomial
Zf\ioaiXi with the function (‘polynomial’) @ : N — R given by a(n) =a, for n <N
and a(n) =0 when n > N, it is easy to change the one definition into the other.

The degree deg(f) of a polynomial f = Zﬁ\i 0@iX ! is the maximal n with a,, # 0; so
deg(1-2X +X?3) = 3. For the zero polynomial 0 = Zé\io 0-X' one defines deg(0) = —co
(some texts use alternative definitions for deg(0), however).

The j-th coefficient of a polynomial f = Z]i\i 0@iX lisa j- The constant coefficient
is the coefficient ag. A constant polynomial f is a polynomial with deg(f) <0, i.e.,
a,=0forn=1. If f #0 and n = deg(f), then a,, is called the leading coefficient of
f. A polynomial with leading coefficient 1 is called a monic polynomial.
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We now define operations addition and multiplication on the set of polynomials
with coefficients in a ring R. The sum of two polynomials of degree < N is defined

N . N . o .
(Z a; 'XL) + (Z b; -Xl) = Z(ai +bi)'XL.
i=0 i=0 i=0
Note that considered as functions N — R this is simply the pointwise addition:
a+b =c with c¢(n) =a(n)+ b(n) for all n e N.
The multiplication of polynomials is determined by the rule

(@i X" (b;X7) = (a; - bX"™

and the fact that one wants the distributive law to hold; this leads to the definition

N \ (M \ N+M
(Zai'X’)'(ij'Xj)= Z ( Z aibj)‘Xk’
i=0 Jj=0 k=0 \i+j=k

using the convention that a; =0 if i > N and similarly b; =0 if j > M.

II1.1.2 Example.

(7+3X)5-X+2X2%) =
=7-5+(7--1+3-5)X +(7-2+3--1)X2+3.2X3
=35+8X +11X2+6X5.

II1.1.3 Remark. Considered as functions a,b : N — R the multiplication of ‘poly-
nomials’ as defined here, is usually called the convolution of the functions a and b,
denoted as a * b. So by definition a * b : N — R is the function defined by

n

(axb)n)= Z a(i)b(n—1)=a(0)b(n)+a(1)b(n—-1)+...+a(n)b(0).
i=0

The set of all polynomials with coefficients in R is denoted by R[X]. Note that
if f,g € R[X] then
deg(f - g) < deg(f) + deg(g).
Equality does not hold in general: for example take f =2-X?+1 € (Z/4Z)[X]. Then
deg(f)=2and f2=(2-X2+1)-(2-X2+1) = 1. Hence deg(f?) = 0 < 4 = deg(f)+deg(f)
in this example.

II1.1.4 Theorem. The set R[X] with addition and multiplication defined above de-
fines a ring called the polynomial ring in one variable over R.
Using the injective ring homomorphism

R—RIX], r—r+0-X+..+0-X'+..,
one considers R as a subring of R[X].

Proof. The proof is a straightforward verification of the axioms. As an illustration
of this we check (R3), the associativity of the multiplication:

(EX g ai- XEY b, X)) (T gen-X*) =
(EY (Zisjmraib) - X') (Shger X)) =
YN M L (S pi=m(Eisjmraibj)e) - XM =

YL (Y s jek=maibjer) - X™,
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and analogously one shows

This proves (R3). We leave (R1), (R2), and (R4) to the reader.
The remaining assertion in the theorem is also easy to check. |

In case R is commutative, so is R[X]. If R is a ring with 1 then this 1 is the unit
element of R[X] as well. If R has no zero divisors, then the same holds for R[X]
(see Exercise[I) on page[49) and

deg(f-g)=deg(f)+deg(g) for f,geR[X],

where we use the convention —co+n =n +(—o00) = —0co+(—00) = —co. In particular

if R is a domain (Definition|[I.2.13) then R[X]is a domain as well.

II1.1.5 Notation. Inductively one defines the polynomial ring in n = 1 variables
over R as
R[X,Xo,...,X,]1:=(R[X1,...,X,-1D[X,].

Elements of R[X1,Xo,...,X,] are therefore expressions
f=go+81Xn+goXp+...=gnX",  gi€RIX1..., X, 1l.
One can also write f as a finite sum

_ i ig i
f= Z ai1i2-~.inX11X2 LX)

i120,i920,...,in20

with coefficients a;,;,..;, € R. Sometimes the "multi-index"-notation
f=Yarx’
1

where the ‘multi-index’ I = (i1,ig,...,i,) runs over a finite subset of (Z>)" and X I
is an abbreviation of X{'X,?... X,".

For polynomials in n variables one defines various notions of ‘degree’. Given any j
with 1 < j < n the degree in X of

f= Z ailiz...inXilXéz---Xrizn #0

1120,i9=0,...,i,=0
is defined by
deg;(f):=max{m € Zzo: Ji1,...,in:a; i, #0andij=m}

(so deg; is the ‘highest power’ of X; ‘really appearing’ in f). The total degree of
f #0 is defined by

n

tdeg(f) =max{m€Zszo: Ji1,...in:ai;. ., #0 and Z ij=mg.

j=1

Finally, in the special case f = 0 we put deg;(0) = tdeg(0) = —co.

II1.1.6 Example. f = Xng —X%Xg € Z[X1,X29] satisfies deg;(f) = 2,degy(f) = 4,
and tdeg(f) =5. ==
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[11.2  Evaluation homomorphisms

It is well known that a polynomial f € R[X] can be evaluated in any real and even
in any complex number z. For fixed z € C one obtains in this way a map R[X]— C
given by f — f(z). Similarly given f € Z[X] one may take a € Z, evaluate f in ¢ and
subsequently consider f(a) € Z/nZ. In this way one obtains a map Z[X] — Z/nZ
given by f — f(a). As is not hard to verify, the same map is obtained by first
reducing the coefficients of f modulo n and subsequently evaluating the resulting
polynomials in (Z/nZ)[X] at a. The next result generalises these examples.

I11.2.1 Theorem. (The evaluation homomorphism) Let R and S be rings.

(a) Any ring homomorphism ¢ : R — S induces a ring homomorphism
®:R[X]— S[X], D:ag+...+a, X" — Plag)+... + Ppla,)X".

(b) If s €S satisfies st =tsforall te S,
then the map

S[X]1—S, ap+arX+...+a, X" —ag+ais+...+a,s"

is a ring homomorphism. We usually write this as f — f(s).
(c) If s € S satisfies sp(r) = ¢p(r)s for all r € R then the composition

ev, : RIX1-2 six17219 s

is a ring homomorphism.

II1.2.2 Notation. The ring homomorphism evg in Theorem|I11.2.1]is called the eval-
uation homomorphism in s. Note that it depends on the choice of the ring homo-
morphism R — S although this is not reflected in the notation.

Proof. (a): given f =ag+a1 X +...,8=bo+b1X +...€ R[X] we have to show
D(f+2)=D(f)+DP(g) and D(fg)=D()D(g).
As f+g=(ag+bo)+(a1+b1)X +(az+b2)X%+... we have

O(f+g) = Plag+bo)+Plar+b1)X +Plag+b)X?+...
dlap) + Ppla1)X +(/)(G,2)X2 +...+Pbo)+p(bX +...
O(f) +D(g).

For the second property of ring homomorphisms we write fg = co+c1X +coX2+...,
with ¢, =aobp+a1bp_1+...+arbg. Then ¢(cr) = Plag)Pp(br)+...+d(ar)d(bp), which

implies ®(fg) © (co) + plc)X + pc)X +... = D(F)D(g). This shows (a).
To prove (b) we need to verify (using st = ¢s for all ¢ € S) that
(Ff+8)Xs)=f(s)+g(s), (fgls)=f(s)-g(s) Vf,geSIX]

The proof of the first condition is straightforward and hence we omit it. For the
second condition note that st = ts for all £ € S implies in particular

(aisi)(bjsj)zaibjsHj Vai,bJ'ES.
Writing f =ag+a1X +...and g =bg+ 51X +... then yields

f(s)-g(s) (ap+ais+...)-(bo+bis+...)

agbg+(agb1+boat)s+...+ (Zi+j:k aibj)sk +...
(F8)s).
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Part (c) of the proof follows from the general fact that the composition of two
ring homomorphisms is again a ring homomorphism. Here one should observe
that ev, : S[X]— S is not necessarily a ring homomorphism (namely, s a priori only
commutes with the elements in ¢p(R)). However ev; restricted to ®(R[X]) is a ring
homomorphism. |

II1.2.3 Remark. For r :=(r1,...,r,) € R" we obtain an analogous evaluation homo-
morphism
ev,:R[X1,.... X1 —R, ev.(f):=f(r,...,rn)

provided r;s = sr; holds for all se R.

II1.2.4 Example. Suppose K is a field, so in particular K is commutative. Let V
be a vector space over K and write Endg (V) for the ring of K-linear maps from
V to V. Fixing any A € Endg(V) we will define an evaluation homomorphism
evy : K[X]— Endg(V), which means we substitute A for the variable X in all poly-
nomials f € K[X]; the ring homomorphism property then says f(A)-g(A) =(fg)(A)
and f(A)+g(A) = (f + g)(A). We will also discuss the kernel of evy4.

To define ev using Theorem we first need to define a ring homomor-
phism ¢ : K — Endg (V) such that ¢p(1)A = Ap(A) for all L€ K, A € Endg(V). Put

¢:K —Endg(V), ¢p:A—AI

with I the identity on V (so (Al)v := A-v for all v € V). Then for all A € Endg(V)
and all v € V one finds

(P(MA) v = p(A)(Av) = MAv) = A(Av) = (Ap(D)) v,

showing that indeed ¢p(1)A = A¢p(1) for all L e K, A € Endg (V).

We write LA instead of (AI)-A. (In case V = K", note that Endg (V) = M(n,K),
the ring of n x n matrices with coefficients in K, and then 1A is the matrix obtained
by multiplying all coefficients of A by A.)

Fix A € Endg (V). Using Theorem one obtains the evaluation homomor-
phism in A:

eva :K[X]— Endg(V), eva(f):=f(4),

and instead of ev 4 (f) = ¢p(ag) + Ppla1)A + Pplaz)A% + ... we simply write
f(A)::aOI+a1A+a2A2+....

The image ev 4 (K[X]) we denote by K[A]. This is a subring of Endg (V). Since K[X]
is commutative, so is K[A]. In case the dimension of the vector space V is at least
2, the ring Endg (V) is not commutative. As a consequence, for dimg (V) = 2 the
map evy is not surjective.

We now consider the special case dimg (V) < co. We will show that in this case
evy is not injective. Write dimg V = n, then dimg Endg (V) = n? (choose a basis for
V over K, then Endg(V) = M(n,K)). The n2+1 elements I,A,A2,..., A" € Endg(V)
are therefore linearly dependent. Hence c¢; € K exist, not all zero, such that

2
C()+61A+02A2+...+Cn2An =0.

This shows g(A) =0 with g =co+c1 X +... + can"2 € K[X], so g € Ker(eva) and
g #0. As a consequence, evy is not injective.

You probably recall from a course in Linear Algebra that the eigenvalue poly-
nomial (characteristic polynomial) P4 of A is in the kernel of evy,

PoX):=det(A-X-I) €eK[X]
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This result is called the Cayley-Hamilton theorem, named after the British mathe-
matician Arthur Cayley (1821-1895) and the Irish mathematician William Rowan
Hamilton (1805-1865). The degree of P4 is n. We will study the kernel of ev4 more

extensively in Example|I11.4.4 _ =

II1.2.5 Remark. Given a ring R, every polynomial f = ag+a1X +asX2+... € R[X]
gives rise to a function, namely pr : R — R given by

pr:R—R, r»—»pf(r):=a0+a1r+a2r2+....

It may happen that f # g while p7(r) = p4(r) for all r € R. Hence the map
o :R[X]— Maps(R,R), f—opr,

is not necessarily injective.

As an example, consider R = Z/27Z. In this case the polynomials X and X2 yield
the same function on Z/2Z (since 0 = 02, 1 = 12), however the polynomials X and
X2 are different (they even have different degree).

One should realise, as this example shows, that there is a difference between
polynomials f and the functions pr defined by them.

[11.3 Division with remainder for polynomials

We now present a technique which, among various other applications, will greatly
simplify the determination of the kernel of an evaluation homomorphism. This
technique called division with remainder for polynomials is analogous to the divi-
sion with remainder for integers.

I11.3.1 Theorem. Let R be a ring with 1 and [, g € R[X]. Assume that g # 0 and
that the leading coefficient of g is a unit of R.
Then unique q,r € R[X] exist such that

f=qg+r, and deg(r)< deg(g).

One calls q the quotient and r the remainder when dividing by g.

I11.8.2 Notation. The polynomials g and r in Theorem are called the quo-
tient and the remainder of f upon division by g.

Proof. First we show the existence of ¢ and r. Let n = deg(f) and m = deg(g). By
assumption we have m = 0. We show existence, for fixed g, by induction w.r.t. n.

If n < m one takes ¢ =0, r = f; this is the first step of the induction argument.

Now take n = m and assume (induction hypothesis) that existence holds for
all f € R[X] of degree < n. Take f € R[X] of degree n and let a be the leading
coefficient of f, and b the leading coefficient of g. By assumption b is a unit, hence
¢ € R exists with ¢b = 1. The polynomial acX"™ ™ - g than has degree n and leading
coefficient a - ¢b = a, equal to the leading coefficient of /. Hence

fi=f-acX"™. g

has degree strictly smaller than n: the n-th degree terms in f —acX" ™™ - g cancel.
Applying the induction hypothesis to f1 yields g1, r1 € R[X] such that

fi=qig+ri, deg(ry) < deg(g).
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As a consequence
f=fitacX" "g=(acX" ™+q1)-g+r1.
Hence g :=acX" ™ +q1 and r:=r; satisfy
f=qg+r and deg(r)< deg(g),

as desired.

It remains to show the unicity of ¢ and r. Suppose that also f = ¢’g +r' and
deg(r’') < deg(g). Then

(g-qHg=r"-r.
Here the degree of the right hand side is less than deg(g). If q # q’, then the degree
of the left hand side would be at least deg(g), since the leading coefficient of g is a
unit. Hence
deg(g) < deg((q — ¢")g) = deg(r’ — ) < deg(g).

This is a contradiction, and therefore ¢ = ¢’ which implies 7' —r=0sor=r'.

This proves Theorem Note that the the argument does not require the
ring R to be commutative. |

II1.3.3 Example. In practice dividing polynomials is done using ‘long division’.
Take for instance R =Z and

F=X*-Xx3-2X%2+3X-4, g=X%2-1€Z[X].
The quotient ¢ and the remainder r are determined below:

X?-1/ x* -X? -2X? +3X -4 \X?-X-1

X4 _X2
_Xd _XZ
-Xx3 +X
X% 42X
-X2 +1
2X -5
In this example therefore ¢ = X2-X -1, r =2X 5. _

The theorem on division with remainder allows one to find simple representants
in R[X] or residue classes modulo a principal ideal (g) c R[X], provided that the
leading coefficient of g is a unit. This is analogous to the representants 0, 1,...,n—1
modulo the ideal nZ c Z.

I11.3.4 Theorem. Suppose R is a ring with 1 and g € R[X] satisfies deg(g) > 0 and
the leading coefficient of g is a unit in R.
The following is a bijection between sets:

{h €RIX]: deg(h)< deg(g)} — RIXWg) h—h+(g).

In other words, every residue class modulo the ideal (g) has a unique representant
h € R[X] with deg(h) <n.

Proof. We first show that the given map is surjective. Let f + (g) with f € R[X] be
any residue class modulo the ideal (g). We apply Theorem [[T.3.7] to these f and g,
obtaining q, r € R[X] with deg(r) < deg(g). Observe that

f=qg+r = [f+(@)=r+qg+(g)=r+(g),
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since qg € (g). So indeed the map is surjective. To verify injectivity we use
hi1+(@g)=ho+(g) < h1—-hge(g) < hi1—hgo=[fgfor somef €R[X].

The leading coefficient of g being a unit, one has deg(fg) = deg(f) + deg(g). So if
h1+(g)=ho+(g) and deg(h1),deg(ho) < deg(g) then h1 —hg = fg is only possible
when f =0, so in case h1 = ho.

From surjectivity and injectivity it follows that the map is bijective, finishing
the proof. |

II1.3.5 Remark. The set on the left and the set on the right in Theorem [I11.3.4]are
additive groups. For the set on the left this follows using

deg(h1 + hg) < max(deg(h1),deg(hs)) < deg(g)

in case deg(h1),deg(hg) < deg(g). The set on the right is even a ring. The bijection
given between these groups is in fact an isomorphism of additive groups, since
h1+(g) +he+(g)=h1+hg+(g). In particular this shows that the additive group
of R[X1/(g) only depends on the degree of g. In fact this additive group R[X1/(g) is
isomorphic to R™, with m = deg(g), via

ao+a1X +...+am-1 X" mod (g)— (@0,a1,...,Am-1).

However, the product in the ring R[X]/(g) does depend on the polynomial g, as
is illustrated in the example below.

II1.3.6 Example. Take g = X2+ X + 1 € Fo[X] and write 0:= 0, 1:= 1 for the el-
ements of Fg = Z/27.. Since any polynomial in Fo[X] has coefficients {0,1}, Theo-
rem [[IT.3.4] yields exactly 4 representants of the residue classes modulo (g):

0, 1, X, X+1

Writing
x:=X+(g) oneobtains Fo[X1/(g)=1{0,1,x,x+ 1}.

The additive group of Fo[X1/(g) is isomorphic to Z/27 x 7/27 via ax + b — (a,b).
The product is slightly more complicated. In F2[X1/(g) we have x2 +x + 1 =0 since
X2+ X+1= g€0+(g). As a consequence,

xx+D)=x’+x=1-(2+x+1+1=1.

(for the second equality one uses division with remainder (!)). Therefore, in the
ring Fo[X1/(g) x + 1 and x are each other’s inverse. Moreover 1-1 =1, hence every
nonzero element has an inverse. We conclude that Fo[X1/(X2 + X +1) is a field
consisting of 4 elements!

In contrast, the ring Fo[X1/(X? + X) is not a field. The representants of the
residue classes are the same as before, however here X(X +1) € 0+ (X2 + X), hence
the residue classes X +(X2+X) and X +1+(X2+X) are zero divisors in Fo[X /(X 2+X).

In the ring Fo[X1/(X?) the element X + (X?) is even nilpotent, as follows from
(X +(X%)2 =X2+(X2)=0+(X2). This ring is therefore not isomorphic to Fo[ X 1/(g)
nor to Fo[X1/(X? + X) (the latter ring has no nilpotent elements, in fact r2 =r for
all r e Fo[ X1/(X? + X) as one easily verifies). o

II1.3.7 Example. Let
Sl:={(a,b)eR%: a®+b% =1},

denote the circle in R? with radius 1 and center (0,0). The ring consisting of all
continuous functions from S! to R we denote by C(S™,R).
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A polynomial f € R[X,Y ]yields a function py : R?2 — R (compare Remark
given by pr(x,y) = f(x,y) for (x,y) € R2. Restricting to S c R? one obtains a ring
homomorphism

®:RIX,Y]— CSLR), f~opflg.

The homomorphism ® is not injective, for example X2 +Y2 -1 € Ker(®) since
a?+b2-1=0for all (a¢,b)e St
We will show:

Ker(®) = (X2+Y?-1) = (X?+Y2-DR[X,Y].

Proof ‘o7 Every element in (X2 +Y?2—1) can be written as (X2 +Y2-1)f, and
D(X2+Y2-1)f)=D(X2+Y2-1)D(f)=0-D(f)=0.
‘c?’ Take f € Ker(®), so f(a,b) =0 for all (a, b) € S*. We divide f by X2+Y2—-11in
the ring (RIXD[Y]=R[X,Y]. Since dng(X2 +Y2-1)=2 this yields ¢, r e R[X,Y]
such that

f=q(X2+Y2—1)+r, r=ro+riY,

and rg, r1 € R[X]. The assumption f € Ker(®) implies
r(a,b)=ro(@)+ri@b=0, Y(a,b)eS™
Note that if (a,b) € S* then (a,-b) € S as well, hence we also have
r@,-b)=ro@)-ri@b=0  V(a,b)eS'
Adding and subtracting these equalities for fixed a € R with —1 <a <1 one finds
ro(a)=r1(a)=0 VaeR suchthat —1<a<1.

The polynomials rg, r1 € R[X] therefore have infinitely many zeros, which implies
ro =r1 = 0 (see also Theorem|[[11.5.2). It follows that f = g(X2+Y2-1) € (X2+Y2-1).
This proves Ker(®) = X2+Y2-1).

The first isomorphism theorem [II.3.7|now shows

RIX, YU X?+Y2-1D)=O[RIX,Y] (cC(SL,R)),

the image ®(R[X,Y]) is sometimes called the ring of polynomial functions on the
circle.

Theorem [II1.3.4 (applied to R[Y] with R = R[X] and g = Y2+ X2 -1€R[Y])
allows an explicit description of this ring of polynomial functions on the circle. The
representants in R[X,Y] of the residue classes modulo I := (X2 +Y?2 1) are

f+8Y  f,geR[X].
In R[X,Y VI define the elements
x:=X=X+I, y=Y=Y+1I.
Since X2+Y?2—-1¢€1, it follows that 2+ y2—1=0, i.e., 2 = 1 - x%. Summarizing:
RIX,YVI={f+gy: f,geR[x]}
and such functions on the circle are multiplied using the rule

(f +g)h+ky)=(fh+gk-(1-xD)+(fk +gh)y.
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[11.4  Rings of polynomials over a field

In this section we show that a polynomial ring K[X] in one variable X over a
field K is a principal ideal ring. As a consequence, the kernel of an evaluation
homomorphism ev; : K[X]— S has the form (g) for some g € K[X].

II1.4.1 Theorem. Let K be a field. Every ideal in the ring K[X]is a principal ideal.
In case the ideal I c K[X] is not the zero ideal, every polynomial g€ I, g #0 of
minimal degree is a generator of 1, i.e., I =(g).

Proof Let I c K[X]be an ideal. We must find g €  such that I = K[X]-g. If I = {0}
then g = 0 works. Suppose I # {0} and choose any g € I, g # 0 such that deg(g) is as
small as possible. We claim

I=K[X] g.

The inclusion 2 is clear since g € I and I is an ideal, which implies fg € I for
all f € K[X]. To show the inclusion <, let f € I. Since K is a field, the leading
coefficient of g is a unit in K. Hence Theorem [II1.3.1]yields q, r € K[X] with

f=qg+r, deg(r) < deg(g).

Now f,qg €I and I is an additive group, so also r = f —qg € I. Were r # 0 then
r is a nonzero element in I of degree less than the degree of g, contradicting the
minimal choice of g. This shows r =0 and f = qg € K[X]g. Hence every f €1 is in
K[X]- g, showing <. This finishes the proof of Theorem [IT.4.1] ]

I11.4.2 Remark. The condition in Theorem [[I[.4.1] that K should be a field is es-
sential. For example the ideal (2, X) c Z[X] is not principal, see Exercise on
page[32]

Also a polynomial ring such as R[X,Y] contains ideals that are not principal,
for example (X,Y) as shown in Example

I11.4.3 Example. Using R c C one obtains the evaluation homomorphism
ev; :R[X]—C, f—fQ).

Note that ev; is surjective. As i ¢ R no polynomials # 0 of degree < 1 are in Ker(ev;).
And i% = —1 shows that g := X2 + 1 € Ker(®;), with deg(g) = 2. So g is a nonzero
polynomial of minimal degree in Ker(®;) and therefore Theorem implies
Ker(ev;) = (g). Furthermore it follows from the first isomorphism theorem [[I.3.7]
that

RIXX?+1)=C.
For generalisations of this we refer to Exercise|12|on page _mm

II1.4.4 Example. Let V be a vector space over a field K and let A € Endg(V). Then
the kernel of the evaluation homomorphism

evy :K[X]1— Endg(V), f—rfQ)

(see Example is a principal ideal (g) in K[X]. Write a, € K —{0} for the
leading coefficient of g, then (a;lg) =(g)and a;lg is a monic polynomial. Moreover
by the minimality of the degree, Ker(ev,) contains only one monic polynomial of
this minimal degree (otherwise the difference of two such monic polynomials would
be an element of the kernel of still smaller degree). The minimal polynomial of A
is by definition the monic polynomial m 4 € K[X] such that

Ker(evg) =(my)=K[X] -my4.
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In case A = AI with 1 € K —{0} one finds my =X — A. Take A, u€ K and put

A0

A:(O #), fi= (X = DX - p).

If A=pthen A=AI hence my =X - A. If 1 # y then A —7I #0 for every 7 € K, so
the minimal polynomial has degree = 2. We compute f(A)=(A -A)A -p) =

(o % )-(a 2 )Mo &)-(5 5]

0 o0 A-p 0 _ 0
0 pu-2 o o)~
Since f(A) = 0 and deg(f) = 2 the conclusion is that f is the monic polynomial of

minimal degree in Ker(ev,), so Ker(eva)=(f) and my = f.
More generally let

A =diag(1q, Ag,...,An), with A; #1; for i #j,
i.e., A is a diagonal matrix with coefficients A;; = 1;, A;; =0if i # j. Take
=X -ADX -22)...(X - 1p).

Since eva(f) = f(A) = 0 (verify!) we have f € (my). Hence f = gmy4 for some
g e K[X]. If f # m4 then at least one of the factors (X — ;) of f does not appear
in m 4. This would contradict m 4(A) = 0 as one easily calculates. The conclusion
is that f = ma. Try to determine m, for yourself in the case that some of the
A;coincide. _

[11.5  Rings of polynomials over a domain

II1.5.1 Theorem. Let R be a domain and f € R[X]. Suppose ai,az,...,a, € R are
pairwise distinct zeros of f. Then q € R[X] exists such that

f=q¢g-X-a) - X-ag)...X—ay).
Proof. We use induction w.r.t. n. For n = 1 apply Theorem [[II.3.1
f=q-X-ay)+r with deg(r) <0,

so r is a constant. Now apply the evaluation homomorphism evy;; this is possible
since the domain R is by definition commutative. One obtains 0 = f(a1) = q¢(a1)-0+r
hence r =0, proving the result in case n = 1.

Now let n > 1 and assume (induction hypothesis) the result for polynomials of

degree <n. From f(a,) =0 and division with remainder (as in the case n = 1) one
finds

f:fl‘(X_an)~
For 1<i<n-1 we have
file)(a; —ay)=f(a;)=0,
hence since a; # a, for i <n and R is a domain it follows that

fi(a;)=0 (1l<si<n-1).

[11.5 RINGS OF POLYNOMIALS OVER A DOMAIN 45



The induction hypothesis applied to f1 shows
fi=¢- X -apDX -ag)...( X —an-1)
for some q € R[X], and therefore
f=fiX-apn)=q¢q X-a1)X-ag)...(X —ay),

finishing the proof of Theorem [[I[.5.1] ]

II1.5.2 Theorem. If R is a domain and f € R[X] a nonzero polynomial, then the
number of pairwise distinct zeros of [ in R is at most deg(f).

Proof. This follows from Theorem if a1,...,an € R are pairwise distinct ze-
ros of f then f = ¢-(X-a1)...(X—a,). Comparing degrees shows deg(f) = deg(q)+n,
hence deg(f) = n since g # 0. |

II1.5.3 Remark. The condition that R is a domain is essential. The polynomial
X2 -11in (Z/87)[X] has degree 2 while it has 4 zeros in Z/87Z, namely 1,3, 5, 7.

In the non-commutative division algebra of the quaternions H, see the
polynomial X2+ 1 € H[X] has degree 2 and for example the zeros +i, +j,+k (in fact
this polynomial has infinitely many zeros in H, see Exercise [4] on page [49).

Using a result on finite abelian groups, a consequence of Theorem [[I1.5.2is the
following.

II1.5.4 Corollary. If R is a domain and G < R* a finite subgroup of R*, then G is
cyclic, i.e., g € G exists with ord(g) = #G.

Proof. By assumption G is a finite abelian group. If #G =1 the result is trivial. If
#G > 1, a result from Group Theory is that

G = (Z/d17Z) x (ZIdoZ) % ... x (ZId+Z)

for integers 2 <d; <dg <...<d; with (in case ¢ > 1) d1l|dg, dslds, ..., di—1lds. In
particular #G = [[d; and every element of G has order dividing d;. This means
that all elements of G are zeros of the polynomial X% —1 € R[X]. Therefore The-
orem implies #G < d;. As a consequence ¢ = 1 and G is cyclic, proving the
result. |

[11.6_ Differentiation

In Exercise [26|on page[33]the ring of dual numbers over a field was introduced. We
now generalise this to other rings, and use it to introduce and study the ‘derivative’
of a polynomial over a ring.

II1.6.1 Definition. Given a ring R, the ring of dual numbers over R consists of all
formal expressions
r+s-e, r,seR

with addition (r +s-€)+ (' +s'-€) = (r + ') + (s +5’) -€ and multiplication law given
by (r+s-€)-(r' +s’-€) =rr' +(rs’ + sr')-e. This ring is denoted by Rle].

46

Il RINGS OF POLYNOMIALS



One verifies without difficulty (regardless of R being commutative or not) that
indeed Rle] is a ring. We consider R as a subring of R[e] by identifying r € R with
r+0-¢€ R[el. By definition, r+s-e =r'+s'-¢if and only if r =’ and s = &/, for all
r,r',s,s' € R. An element of R[e] of the form 0+ s-¢ will simply be written as s-¢.
Note that (s-€)2 = 0 whenever s € R.

Let R be a ring with 1. The dual numbers over the polynomial ring R[X] are
denoted, as a special case of the above, by R[X][e]. Note that X +e:=X +1-€ com-
mutes with all f + g-¢ € R[X][e], by definition of the multiplication of polynomials
and by definition of the multiplication of dual numbers.

II1.6.2 Lemma. If R is a ring with 1 which we consider as a subring of R[X]l[e],
then the evaluation map
evxie : R[X]1— R[X]lel

is a ring homomorphism. Writing the image of f € R[X]as f(X +¢)=fo+ [1-€ with
fO,fl ER[X], one haS fo = f

Proof. Observing that X +¢ commutes with the elements of R, Theorem
implies that evy., is a ring homomorphism.

As is easily verified, for any ring S the map S[e] — S given by sg+s1-€ — sq (this
is the same as: substitute 0 for €) is a ring homomorphism. In the case S = R[X],
clearly it sends f(X +¢€) = fo+ f1-€ to f and also to [y, showing that f = fj. |

II1.6.3 Definition. Let R be a ring with 1 and f € R[X]. Writing
fX+e)=f+f1-ecR[X]e],

the derivative of f is the polynomial f7. This is denoted f’ or g—}é or diX f or, in case

f may also be considered as a polynomial in a variable different from X, by %.

II1.6.4 Remark. Note that this definition of ‘derivative’ does not involve limits. We
have the formula

fFX+e)=F+f-¢,

which holds in R[X][e] for an arbitrary ring R with 1. Note the analogy with a ‘“first
order Taylor expansion’ as discussed in Calculus or Analysis courses.

I11.6.5 Theorem. Let R be a ring with 1.
(a) Forall f,g € RIX] we have

(f+8)=f"+g" and (fg)=f'g+fg"
®) Iff = ¥ apX* € RIX] then
k=0

n
f'=7Y kapX* 1.
k=1

(Here kap =ap+ap+...+ap (k terms).)

Proof. (a) follows using that evy .. is a ring homomorphism: by definition we have
fX+e)=f+f"-cand g(X+e)=g+g -¢. Hence

(f+)+(f+8) e=evxie(f+Q)=(f+f -0+ (g+g" - =(f+2)+(f'+ &) ¢,
showing that (f + g)' = f' + g'. Similarly

(Fe)+(fg) -e=evxie(f@)=(f+f -eNg+g -)=(fe)+(fg'+g'f)-¢€,
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which shows (fg) =fg'+f'g.
To prove (b), one first observes that

(a-X*Y =kaX* 1 foraeR,keZs.

This is immediate from a - (X +¢)* = aX* + kaX*~1.¢, using either Newton’s Bi-
nomium (compare Exercise [15|on page this is valid here because X and ¢ com-
mute), or by using a straightforward induction with respect to 2. We also have
(a) =0 for a € R (verify!). Hence using (a) one obtains

n n n
(Y apX?) =Y (@ X*Y = Y kapX*1,
k=0 k=0 k=1
finishing the proof of Theorem [II1.6.5 [ |
I11.6.6 Remark. Alternatively, we could have used the formula in [[T.6.5(b) to de-

fine the derivative f’. In that case the properties stated in Theorem|II1.6.5(a) would
require a different proof.

For us, the most important application of the derivative will be the study of mul-
tiple zeros of polynomials. Suppose R is a commutative ring. If a € R is a zero of
f € R[X], then using the proof of Theorem f=X-a)-q, with g € R[X]. If
we can even write f = (X —a)?-q; with ¢1 € R[X] (so in case R is a domain this
means « is a zero of q as well), then «a is called a double or multiple zero of f.

II1.6.7 Theorem. Let R be a commutative ring with 1 and let f € R[X]. Suppose
ac€Risazeroof f. Then: a is a double zero of f < a is a zero of f'.

Proof. Write f =(X —a)-q, with ¢ € R[X]. Then
ais a double zero of f <— ¢q(a)=0.
Using f =(X — a)- ¢ and[[I[.6.5(a) it follows that
ff=X-a) g+ X-a)¢ =g+ X -a)q.

Asa consequence

f(@)=q(@).
This shows g(a) =0 < f'(a) =0, proving Theorem [I[11.6.7 [ |
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[Il.7__Exercises

10.

11.

12.

Let R be a ring without zero divisors, and take f, g € R[X].

Show that deg(f - g) = deg(f) + deg(g). Conclude that R[X] has no zero divisors.
Show using the example f = X2 and g = 2X in the ring Z[X] that in Theo-
rem the condition that the leading coefficient of g should be a unit, can
not be missed.

Let K be a field, f € K[X], and ag,a1,...a, an n + 1-tuple of pairwise different
elements of K, with n =deg(f). Prove that

n Hn: ; L(X - )
f= Y flanmi o
i=0 im0,z @i— )

the interpolation formula of Lagrange.
Letx=a+bi+cj+dkeH, with a,b,c,d € R. Prove:

xisazeroof X2+1e (xx=1andx=-x) (@=0and b +c2+d%=1).
Conclude that X2 + 1 has infinitely many zeros in H.
Suppose R is a commutative ring with 1 and let f,g € R[X]and % € Z~y.
(a) Show that f € R[X]-g*¥ = f'eR[X]-g* 1.

(b) Give an example showing that conversely /' € R[X]-g*~! does not neces-
sarily imply that f € R[X]-g*.

Let R =F3 and f € R[X].
(a) Show that the next three conditions are equivalent:
@ f'=0;

n
(i) f can be written as f = ) akXZk with all ap € Fo;
k=0

(iii) geFo[X] exists with f = g2.
(b) Show that (f') =0.

Let R be a ring with 1. For f € R[X] and % € Z= one defines f*) inductively by
FO=F f® =(£*&=Dy Show that for all f,g € R[X]and n € Zs( one has:

n

()™ = Z( Z )f(k)g(n—k)

k=0

(this is called the formula of Leibniz).

Let R be a finite ring. Show that n,m € Z exist with n > m > 0 such that x™ = x™
forallx€R.

Let R be a domain and f,g € R[X] such that max{deg(f),deg(g)} < #R (for ex-
ample, this holds whenever R is infinite). Prove: (VxeR :f(x)=gx)) o f =g.
Let p be prime and f,g € F,[X]. Prove:

(VxeF,: f(x)=gx) & f -geFplX]-(XP - X).
Define the evaluation homomorphism
ev:RIX,Y]—R[T]l, Ff(X,Y)— f(T%T?).

Show that Ker(ev) = (X® - Y2) and that ev(R[X, YD) ={Xa;T": a1 =0}.
(a) Take z=a+bi € C with z ¢ R. Prove that the evaluation homomorphism

ev, :R[X]—C, f—f(2),

(here we use the inclusion R c C) is surjective.
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(b) Put g =X2-2aX +a?+b2. Show that
Ker(ev,) = (g) and R[X1/(g)=C.

(¢c) Let f =aX?+bX +c e R[X] with a # 0. Show:

RIXT(f) C if  b%2-4ac<0,
RIe] if  b%2-4ac=0,

RxR if b%2-4ac>0.

e e m

Here R[e] is the ring of dual numbers over R, see Definition|l11.6.1] Try to
construct explicit isomorphisms in all three cases.
13. Take z,w € C—R and let

ev.w RIX,Y]—C, f—fzw),

be the evaluation homomorphism. Show that Ker(ev; ,) is generated by one
linear polynomial and one polynomial of degree 2. Determine such polynomials
explicitly in case z=1+1i, w=3-2i.
14. (a) Verify that the tangent line to the circle
St.= {(a,b) eR?:a2+b%2=1}
in the point (a,b) € S! is given by
U p)(X,Y)=0,

where
lapy=aX -a)+b(Y -b)eR[X,Y].

(b) Let R[e] be the ring of dual numbers over R (see Definition[[II.6.1). Define
SY(RIe)) := {(a +se, b +te) eR[el: (a+s€)*+(b+te)® =1},
‘the points of S with coordinates in R[e]. Show that:
(a+se,b+te) e SL(RIe]) < (a,b)€ ST and ¢(y py(a+5,b+1)=0.

15. Let K be a field and consider R = K[X1/(X") for n € Z>1. Writing x := X+(X")€R,
every element r in R is of the form

r=ag+aix+...an1x"" L, a; K.
(a) Show that r € R is a unit if and only if ag # 0. Find the inverse of such a

unit.

(b) Show that every zero divisor in R is nilpotent. What is the smallest & such
that r* = 0 for all zero divisors r in R?

(c) Given any a € K, find a ring isomorphism
KXV (X -a)*) =KIXI(X").

(d) Given any n > 1, find f € K[X] such that f + (X"™) is a unit in R whereas
f+(X -1)" e K[X1/((X —1)") is nilpotent.

16. Let V be a finite dimensional vector space over a field K and let A € Endg(V).
Suppose 1 € K is an eigenvalue of A, i.e., v € V exists with v #0 and Av = Av (or
equivalently, A — 1 is not invertible in the ring Endg(V)).

(a) Show that A is a zero of m 4. (Hint: consider m 4 (A)v).
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(b) Prove that every zero of m 4 is an eigenvalue of A. (Hint: write mg = (X—p)-g
and consider 0 = (A — u)- g(A).)

(c) Prove that in case A has n = dimg (V) pairwise distinct eigenvalues in K,

then m 4 is, possibly up to a sign +1, equal to the characteristic polynomial
det(A - XT) of A.

17. Determine the minimal polynomials of the following matrices in M3(K), where
K is a field. Distinguish the cases A =y and 1 # .

A 0 1 A 10
A= 0 p 1|, B=({ 0 p 1|
0 0 pu 0 0 pu

18. Let R be the ring of polynomial functions on the circle (compare Example[[TI.3.7):
R=RI[X,YVI, where I=(X?+Y?-1).
Define x,ye R byx:=X+1, y:=Y +1I and consider the ideal M :=(x—-1, y) < R.
Recall that every r € R can be given uniquely as r = f + gy with f, g e R[x].
(a) Prove that
eva0:R—R, f+gy—f@)
is a surjective ring homomorphism, and Ker(ev(; g)) = M.
(b) Define
N :R — Rlx]
by
N(f +gy):=(f +gy(f —gy) = f> - g*(1-27).

Show that if N(r) € R[x] is a constant, then r = f + gy with f constant and
g=0.

(c) Prove that M is not a principal ideal. (Hint: suppose 1 -x=a-r, y=a-s,
and consider N(1-x), N(y).)

19. We define the n-sphere by

S™ = {(x0,%1,...,%,) € R**1L: x% +x%+...x,21 =1}.

Let C(S™,R) denote the ring of continuous functions from S™ to R. Let ®,, be
the restriction map

®, : R[Xo,X1,...,Xn]— CSLR),  f— fign.

Show that
Ker(®,)= (X2 +X2+...+X2-1).
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PRIME IDEALS AND MAXIMAL IDEALS

Prime ideals

Throughout this chapter R is a commutative (unitary) ring.
An important property of prime numbers p is that

plab = plaofplb
whenever a,b € Z. In other words:
abepZ = a€pZorbepl.

Ideals with this property will be called prime ideals:

IV.1.1 Definition. Let R be a commutative ring with 1. A prime ideal of R is an
ideal I c R satisfying:

(P1) I#R,
(P2) For all a, b € R such that ab € I it holds that either a €1 or b €I (or both).

IV.1.2 Example. As we saw, pZ is a prime ideal of Z for every prime number p.
If n € Z¢ is not prime then nZ is not a prime ideal of Z: namely, in case n =1
condition (P1) is not satisfied, and if n > 1 then with n =ab and 1 <a,b <n one
obtains ab =n € nZ although a ¢ nZ and b ¢ nZ. Hence for n > 1 not prime nZ does
not satisfy (P2).

The ideal {0} € Z is a prime ideal. =

IV.1.83 Theorem. The ideal {0} c R is a prime ideal if and only if R is a domain.

Proof. If R is a domain then 1 # 0 hence {0} # R. Moreover in a domainab=0=>a =0
or b = 0 so condition (P2) is satisfied.

Vice versa, is {0} a prime ideal then (P2) implies that R has no zero divisors.
Moreover 1 € R is not an element of the prime ideal {0} since otherwise {0} = R,
contradicting {0} being a prime ideal. So 1 # 0 in R, which finishes the proof that R
is a domain. This shows[[V.1.3 u

IV.1.4 Example. The ideal R[X]-(X2—1) c R[X] is not a prime ideal, because it
contains (X +1)(X —1), but not X +1 or X — 1.

However, the ideal R[X]-(X?+1) c R[X]is a prime ideal. To verify this, we will
use the evaluation homomorphism (see [[TT.4.3):

ev; :R[X]— C, f—f@.
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As we observed in Example
Ker(ev;) = RIX]- (X2 +1).
As a consequence, given f,g € R[X] we have
fgeRIX1-(X?+1) = (fg)i) = f(i)g(i)=0 = f(i)=0or g(i)=0
= feR[X]-(X%+1) or ge R[X]- (X2 +1).

This verifies (P2); we leave (P1) as an exercise to reader. _

The next result generalises|IV.1.3] and asserts that one can verify whether an ideal
I is prime by considering the residue class ring R/I.

IV.1.5 Theorem. Let R be a commutative ring with 1, and I c R an ideal. Then

I is a prime ideal of R < R/I is a domain.

Proof. For a € R put a =(a+1I)€R/I. The ring R/I is by Definition[[.2.13|a domain
if and only if 1 # 0 and R/I has no zero divisors. Now

1#0 < 1¢I < [ #R < (P1) holds,

and
R/I has no zero divisors

— (Va,beR/I:ab=0=a=0o0rb=0)
— (a,beR:abel > aclorbel)
= (P2) holds.

Here we repeatedly used that ¢ = 0 is equivalent to ¢ € I. So we conclude R/I is a
domain < (P1) and (P2) hold < I is a prime ideal of R. This proves|IV.1.5 |

IV.1.6 Example. We know R[X1/(X2 + 1) = C, which is a domain. Using Theo-
rem [IV.1.5/this implies that (X2 + 1) is a prime ideal of R[X]. -

In many cases a fast way to verify whether some ideal I c R is prime consists of
calculating the ring R/I and applying|[lV.1.5] For special rings, other methods exist:
see for example Theorem [V.2.4] below.

IV.1.7 Example. Take the ideals J = (X+Y, X2+X+Y +1)and I = (X+Y) = (Y —(-X))
in the ring R = R[X,Y]. Then (see|II.3.8)

R/I ZR[X], FX,Y)— F(X,-X).

If ¢ : R — R/I denotes the canonical map, then ¢(J) = (0, X2+ X +(—X)+1) = (X2+1) cR[X]
hence by one finds

R/J =RIXI(X?+1)=C.

Therefore J is a prime ideal of R. _mm

IV.1.8 Example. Consider the ideals J = (5,X2+Y +1)and I = (Y —(-X2-1))cJ
in the ring R =Z[X,Y]. Then

R/I=7Z[X], FX,Y)—FX,-X%-1),
and J/I =(5,0) = (5). As is not hard to verify,

¢:ZIX1—Fs[X], Y aX'— ) a;X',

IV.1 PRIME IDEALS
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V.2 Maximal ideals

(here a; € F5) is a surjective ring homomorphism with Ker(¢) = (5) = 5Z[X] (see
also|l1.3.9). Using|ll.3.7(and |I1.3.10|it follows that

R/J =F5[X].

The latter ring is a domain since 5 is a domain (even a field). As a consequence J
is a prime ideal. ==

IV.1.9 Example. Take I = (YZ -X2,X2-Z)cC[X,Y,Z]=R. Similar to the exam-
ples above, R/I = C[X,Y /(Y X% -X?). From
X2 (Y-1Deyx?2-x?
and
X2e(YX?2-X%, Y-1¢(YX%2-X?),

it follows that (Y X2—X?) is not a prime ideal of C[X,Y]. Hence R/I is not a domain,
and therefore I is not a prime ideal of R. _

IV.2.1 Definition. Let R be a commutative ring with 1. An ideal M of R is called
maximal if

(M1) M#R;
(M2) for every ideal J of R with M c J c R eitherJ =M orJ =R.

So a maximal ideal ‘cannot be made bigger’ without obtaining the full ring.
Examples of ideals that are not maximal: 97 c Z, because ideal 3Z is ‘strictly
between’; also (2) c Z[X], since (2,X) is strictly between (2) and Z[X]].
Examples of ideals that are maximal are readily found once we have shown the
analog of for maximal ideals. We start by showing the analog of

IV.2.2 Theorem. The ideal {0} c R is maximal if and only if R is a field.

Proof. <. In a field one has 1 # 0, hence {0} # R, hence {0} satisfies (M1). Moreover
by[[[.4.5]a field contains no ideals except {0} and R, hence (M2) is satisfied as well.
This shows <.

=. We claim that every a € R,a # 0 has an inverse. To obtain this we apply (M2)
to the ideal J = Ra. This ideal is different from {0}, so by (M2) (with M = {0}) it
follows that Ra = R. Hence 1€ Ra, so 1 = ba for some b € R, which means a has an
inverse. As R is unitary this means that R is a field. This shows =, and finishes

the proof of| ]

IV.2.3 Theorem. If R is a commutative ring with 1 and M c R an ideal, then:
M is a maximal ideal of R < R/M is a field.

Proof. The idea of the proof is to reduce the assertion to the special case[IV.2.2] by
means of

Write R = R/M. Bythe ideals J in R such that M cJ cR arein 1-1
correspondence with the ideals J = J/M of R. Therefore an R-ideal J strictly be-
tween M and R gives rise to an R-ideal strictly between {0} and R, and vice versa.
As a result,

M is a maximal ideal of R <> {0}is a maximal ideal of R = R/M.

By |IV.2.2|this last condition is equivalent to: R = R/M is a field. This proves|IV.2.3
|
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Theorem [[V.2.3]is used in a similar way to determine whether an ideal is maximal,
as Theorem [[V.1.5]is used to see whether an ideal is prime.

IV.2.4 Example. Take n € Z~o. Then Z/nZ is a field if and only if n is prime (see
I[.2.11), hence

pZ c Z1is maximal, for all p prime

and the ideals (n) with n not a prime number are not maximal. Indeed we have for
n=aband 1<a, b <n that (n)c(a) and (a) #Z (since a # +1). _

IV.2.5 Example. We saw in Example that
ZIX,YV(5,X2+Y +1) =2 F5[X].

This is a domain but not a field (X! ¢ F5[X1), so (5,X2?+Y +1) c Z[X,Y]is a prime
ideal but it is not maximal. _

IV.2.6 Example. For every (a, b) € R x R it holds that (X —a,Y — b) is a maximal
ideal in R[X, Y] because (see|l1.3.11)

RIX, YIN(X -a,Y -b)=ERIXI/(X —a) =R,
and R is a field. =

IV.2.7 Corollary. Every maximal ideal is prime.

Proof. This is immediate from [IV.2.3] and [IV.1.5] using that any field is a domain.
|

IV.2.8 Remark. As Example [[V.2.5|shows, the converse of|[[V.2.7]is false. An even
simpler example showing this is {0} € Z: the ring Z is a domain but not a field, so
{0} € Z is prime but not maximal.

V.3 Zorn's lemma

IV.3.1 Theorem. Every commutative ring R with 1# 0 contains a maximal ideal.

The idea of the proof of this is quite simple: start with the zero-ideal {0}, and keep
enlarging this until no further enlargement is possible without obtaining the full
ring. We will first treat a case where the proof along these lines can indeed be
completed by ordinary means. It turns out that for the general case, a tool from set
theory is necessary: Zorn’s lemma (named after the German mathematician Max
August Zorn, 1906-1993, although already before Zorn it was also treated by the
Polish mathematician Kazimierz Kuratowski, 1896-1980).

Proof (in the special case that R is countable.) Enumerate the elements of R as
ri, ro,.... Inductively define the sequence of ideals Io <11 <... by Iy =(0) and

7 = I, 1+(ry) ifI, 1+(ry)#R;
"7 I,-q otherwise.

Put

M= ]I,
neN

IV.3 ZORN'S LEMMA
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We claim that M is a maximal ideal. To verify this, we first need to check that
M is an ideal. Let a,b € M, then n, m € N exist with a € I, and b € I,,,. Taking
¢ := max{n,m} we find I,,I,, < I,, hence a,b € I, which is an ideal. Therefore
a—bel, <M. Moreover given any r € R then also ra € I,, € M and this shows that
M is an ideal of R.

If M is not a maximal ideal then one of the following two situations happens.
Either the unit element of R is in M or some ideal N of R exists with M C N C R.
If 1 € M then 1 € I,, for some n, hence this I, equals R, contradicting the defi-
nition of the ideals I,,. In the remaining case M C N C R, there exists r, € N
with r, ¢ M. This implies M + (r,) < N hence M +(r,) # R. Therefore certainly
I, 1+(r,)#R, since I,,_1 € M. The definition of I,, now shows thatr,, € I,,c M, a
contradiction. This completes the proof that M is maximal, and thereby the proof
of Theorem [[V.3.1]in the special case that R is countable. ]

It is a fact that in order to extend the argument presented above to more general
rings, one needs an axiom from set theory called the ‘Axiom of Choice’, which is a
surprisingly simple sounding statement:

Axiom of Choice. If S,T are sets and f : S — T a surjective map, then g : T — S
exists with f og =1idr.

It is a standard but nontrivial result from set theory that Zorn’s lemma, which will
be stated below, is equivalent to the Axiom of Choice. In order to formulate Zorn’s
Lemma, two additional definitions are needed.

IV.3.2 Definition. A partially ordered set is a pair (P, <) in which P is a set and <
is a binary relation on P with the properties

Vx,y,zeP: (x<yAy<z)=>x<z,
Vx,yeP: (xsyAny<sx)ox=y.

IV.3.3 Definition. A chain in a partially ordered set (P, <) is a subset K < P with
the property
Vx,yeK: x<yVy<ux.

The chain K is called maximal if K<L <P and L is a chain— L =K.

In other words, a chain K in a partially ordered set (P, <) is maximal if for every
y in the complement of K in P, some x € K exists such that neither x <y nor y < x.
We are now ready to state Zorn’s Lemma.

Zorn’s Lemma. Every partially ordered set (P,<) contains at least one maximal
chain.

We refer to textbooks on set theory for more details and consequences of the
above statement. Here we explain how it implies the general case of Theorem|IV.3.1

Proof. (of Theorem [IV.3.1) Take the partially ordered set (P, <) with
P={I: Iisanideal of R, and 1¢ I}.

As ordering on P we use the inclusion relation, so

I<dinP1cy.

Observe that in the proof of the special case of [[V.3.1| presented above, the set
{I,}hen is actually a chain in P.
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In the general case we use a similar idea: By Zorn’s Lemma we even have a
maximal chain K in P, say
K ={Iplnex,

where the index set X could in principle be arbitrarily large. The chain K is a
collection of ideals such that VI,J € K: I ¢ J vJ c I. Incidentally, the partially
ordered set P is not empty, since {0} c R is an ideal. Hence the maximal chain K is
nonempty as well. We now consider M = U, ex I5.

We claim that M is the desired maximal ideal. To this end one first verifies that
indeed M is an ideal, and this is done (check the details if necessary!) exactly as in
the special case above. If the ideal M is not maximal then either M = R or an ideal
N exists with M C N C R. Again, checking that neither of these situations occurs
is done quite analogous to the argument of the special case above: if M = R then
1 € M and therefore 1 € I,, for some n € X, contradicting the definition of P. The
existence of an ideal N strictly between M and R would contradict the maximality
of the chain K. We conclude that indeed M is maximal. [ |

IV.3.4 Corollary. If R is a commutative ring (with 1) and I c R is an ideal such
that I # R, then R has a maximal ideal M with I c M.

Proof. Applying|IV.3.1] the ring R/I has a maximal ideal, which by [I1.3.10 has the
form M/I with M some ideal of R such that M > I. Using we have that
R/M = (R/I)/(M/I) which is a field. Therefore M is maximal in R (Theorem [IV.2.3).

This proves|[[V.3.4
(Different proof: apply Zorn’s Lemma to the set of ideals # R of R containing I.) N

IV.3.5 Corollary. If R is a commutative ring with 1, then

UM =R-R",
M
where the union is taken over all maximal ideals M of R.

Proof. <: If M is maximal, then M ¢ R—R* by[[I.4.4land[I[V.2.(M1). SouyM c R—-R*.

o: IfaeR-R* then Ra C R is an ideal of R.

Hence by a maximal ideal M of R exists with Ra < M. Therefore a € Uy M.
This finishes the proof of [ ]

IV.3.6 Example. Let R = C([0, 1]) be the ring of continuous functions f :[0,1] — R.
For x €[0,1] put
M,={feR: f(x)=0}.

This is the kernel of the surjective ring homomorphism
R — R, f—f(x), so R/M,=R

and therefore M, c R is maximal. By Exercise[18 on page[60]it turns out that every
maximal ideal of R is of this form. We have

R - U M, ={feR: Vxel[0,1]: f(x) #0}.
x€[0,1]

This is evidently the group of units R* of R, in accordance with|IV.3.5 _

The next result dealing with the solvability of a system of polynomial equations
over a field, shows a typical applications of Theorem refexmi.

IV.3.7 Corollary. Let K be a field, n,t € Zsq, and f1,f2,...,f: € K[X1,X2,...,X,]
The following two statements are equivalent.
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(i) No g1,82,....8t € K[X1,Xy,...,Xpl exist with g1f1+gaofe+...+8:ft = 1.
(ii) There exists a field L with K — L and x1,x3,...,x, € L such that
f1(x1,%9,...,%n) = fo(x1,%2,...,%n) = ... = ft(x1,%x2,...,%,) = 0.

Proof. (ii) = (i). Given L, x1,...,x, as in (ii), suppose g; € K[X1,...,X,] exist with

gifi+..+g:fs=1

Substituting x1,x9,...,x, for X1,Xa,...,X, one obtains 0 =1, a contradiction.

(i) > (ii). Let I cK[Xj,...,X,]be the ideal generated by f1,f2,..., . Then (i) states
that 1¢ I, so I # K[X;,...,X,]. Applying[[V.3.1 a maximal ideal M of K[X1,...,X,]
exists with I € M. Put L = K[X;,...,X,/M. By[[V.2.3|this is a field. Composing the
ring homomorphisms

K — K[X;,..,X,] — L=K[X;,...X, /M

one obtains a ring homomorphism K — L, and this is injective by
We therefore may regard K as a subfield of L. Take x; =X;+M e L,for1<i<n.
Then
fitx1,..,xn) = [;(X1,... X))+ M =0+ M

because f;(X1,...,X,)=f; €I € M for 1< j <t. This shows[I[V.3.7 [ ]
IV.3.8 Example. Take
K=R, n=t=1, fi=X?>+1eR[X].

Considering the degree one concludes that no g1 € R[X] exists with g1/1 = 1. Hence
condition (i) in Theorem is satisfied. By the theorem an ‘extension field’ L
of R exists containing an element x € L with x>+ 1 = 0. Indeed one may take
L =C,x =i. This example shows that it is not possible in all cases to take L = K.
— .

IV.3.9 Remark. One can show that every maximal ideal of C[X71,...,X,] has the
form
M:(Xl—al,Xz—ag,...,Xn—an) (aiE(C).

Hence in this case the maximal ideals correspond to the points of C" (evidently the
ideal M corresponds to the point (a1, ag,...,a,) € C").

A consequence of Theorem[IV.3.7]in the present case is therefore: the polynomi-
als f1,...fr € C[X1,...,X,] have no common zero in C", if and only if a polynomial
relation g1f1+g2fo+...+g:f+ =1 exists between the f;.
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V.4 Exercises

1.

10.
11.

12.

13.

14.

15.

Let R be a domain. Prove: the ideal of R[X,Y ] generated by X and Y equals
{f €eR[X,Y]: f(0,0)=0}

and this is a prime ideal of R[X,Y].

Let K be a field, n € Z~¢, and a1,as,...,a, € K. Prove: theideal of K[X{,X5,...,X,]
generated by X1 — a1,X2 — ag,...,X, — @, is maximal.

Show: 5Z[i] c Z[i] is not a prime ideal.

Let K be a field. Prove that the ideal of K[X,Y,Z] generated by Y and Z is
prime but not maximal.

Verify for each of the following ideals of Z[X] whether it is a prime ideal, and
whether it is a maximal ideal:

(X,3); (X2-3); (5,X%2+3).

Leta,beRand M =(X -a,Y - b)cR[X,Y]. Show that f e M & f(a,b) =0 and
prove that M is maximal.

Check for each of the following ideals of Q[X,Y] whether it is a prime ideal,
and whether it is a maximal ideal:

(X2+1); (X-Y,Y%2+1); (X?2+1,Y%+1); (X?+1,Y%2-2).

Let R be a commutative ring with 1 and I ¢ R an ideal. Prove: I is a prime
ideal of R < a field K and a ring homomorphism f : R — K exist with f(1)=1
and I = Ker(f).

Suppose R is a commutative ring with 1 and I c R an ideal and ¢: R — R/I the
natural map. Let J c R be a prime ideal such that I c J.

Show that ¢(J) is a prime ideal of R/I and vice versa every prime ideal of R/
is of this form. (Hint: combine [[V.1.5] and [I1.3.10).

Now do Exercise [0 with everywhere ‘prime ideal’ replaced by ‘maximal ideal’.
Let f : R1 — Ry be a (unitary) ring homomorphism between commutative rings,
let I c Rg be an ideal, and I1 = f~1(I3) c R;.

(a) Show: I; is an ideal in R1, and R1/I; is isomorphic to a subring of Ro/Is.

(b) Show: if I is prime in Rg then I; is prime in R;.
(c) Show by means of an example that (b) can be false if in both occurrences
‘prime’ is replaced by ‘maximal’.
Suppose R is a Boolean ring (see Exercise 33|on page[16) with 1.
(a) Prove: R is a domain © R is a field © R =F,.
(b) Let I c R be an ideal. Show: I is a prime ideal ¢ [ is a maximal ideal
< R/I =Fs.
Let R be a commutative ring with 1 and let I ¢ R be an ideal with I # R. We
will assume that every x € R with x ¢ I satisfies x2—1€¢ 1.
(a) Prove: R/I =9 or R/I =F3.
(b) Is I a prime ideal of R?
Let R be a commutative ring with 1 and suppose I € R is an ideal of finite index
in R.
Show: I is a prime ideal < I is a maximal ideal.

Suppose R is a commutative ring with 1 # 0 and every ideal I # R is a prime
ideal. Prove that R is a field.
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16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Let R be a commutative ring with 1 and assume at I n<J # {0} for all pairs of
ideals I # {0}, J #{0} of R.
Show that {a € R : a is a zero divisor } U {0} is a prime ideal of R.
Let R be the ring with additive group (Q, +,0) and multiplication xy = 0 for all
x,y € R. Show: R contains no ideal M satisfying both (M1) and (M2) in
Why is this not in contradiction with Theorem ?
Put R =C([0,1]) and let M, c R for x €[0,1] be as in Example|IV.3.6
(a) Suppose I c R is an ideal satisfying: Vx €[0,1]: I £M,.
Prove: Vx €[0,1]:3f €1 fy(x)#0.
Choose functions f, € I as above. Show that x1,x9,...,x, € [0, 1] exist with
n
Vx €[0,1]: ¥ f, (x)? > 0. (Hint: use compactness of [0,1], which means
i=1
that if [0,1] = U;csU; with U; open, then a finite subset J c I exists with
[0,11=UjegU;.)
Conclude: I =R.
(b) Suppose M c R is a maximal ideal. Prove: 3x €[0,1]: M = M. Moreover,
show that x is uniquely determined by M.

Let R be the ring of polynomial functions on the circle: R = R[X,Y /I with
I=X%2+Y2%2-1). Putx:=X+1I,y=Y +I €R.

(a) For a,b € R, show that (x —a, y — b) is a maximal ideal of R if and only if
a’?+b%2=1.
(b) For which b € R is (y — b) a maximal ideal of R ?

Let R be a commutative ring with 1 Suppose a € R satisfies Vn € Z~g :a" # 0.
Prove that R contains a prime ideal I such that a ¢ I. (Hint: apply Zorn’s
Lemma to the set of ideals of R not containing any power of a.)

The radical denoted v/0 of a commutative ring R with 1 is defined by

\/6:{a€R:EIn€Z>0:a”=0}.

Show that v/0 is an ideal of R. Show that v/0 = n;I, where I runs over all prime
ideals of R (Hint: use Exercise[20).
The Jacobson-radical J(R) of a commutative ring R with 1 is defined by

JR)={xeR:VreR:1+rxeR™}.
(a) Let x € J(R) and let M < R be a maximal ideal. Define the ideal I of R by
I:=M +«xR. Show that I # R and conclude that x € M.
(b) Let M be a maximal ideal of R and let x € M. Show that 1+x ¢ M.
(c) Prove that J(R)=ny M, the intersection over all maximal ideals M of R.
(d) Show that J(R) is an ideal of R.

Let R be a commutative ring with 1 and let S c R be a nonempty subset satis-
fying 0¢ S and Vs,t€S: steS.
Show that a prime ideal I of R exists with InS = @. (Hint: use the ring

S7IR introduced in Exercise on page and apply Theorem [[V.3.1| and
Exercise[I1{b) above). How is this related to Exercise [20] above?

A commutative ring R with 1 is called local if R —R™ is an ideal of R.
(a) Prove: R is local & R has exactly one maximal ideal.
(b) Let R be local and suppose x € R satisfies x% = x. Show: x=0or x = 1.

Let R be a commutative ring with 1 and let I c R be a prime ideal. Put S =R-1.
(a) Show that for all s,£€ .S also st€ S.

(b) Show that the ring S™IR as defined in Exercise [28| on page |16]is a local
ring (see Exercise 24| above).
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26.

217.

28.

Put R ={a/b€Q:a,beZ,b#0mod5}. Show that R is a local ring. What is the
maximal ideal M of R? Prove that R/M = F5.
Let X be a set. A filter on X is a collection & of subsets of X satisfying:

(1) XeZ and 0 ¢ F;
>i1) ABeZ=>AnNBeZ;
(iii) if AcBcX and Ae %, then Be &.

An ultrafilter is a filter & with the additional property:
VA,BcX: (AuBe%¥ > AeZ% v BeEZ).

Let R be the ring P(X) considered in Exercise [34]on page
(a) Let & be a collection of subsets of X. Prove:

FisafilteronX «<—{AcX:X-AecF}isanideal #R of R.
Moreover, prove that
& is an ultrafilter on X <— {A c X : X — A € #}is a maximal ideal of R.

(Hint: use Exercise [12(b) on page[59])

(b) An ultrafilter & on X is called free if Vx € X : {x} ¢ &.
Prove: free ultrafilters on X exist if and only if X is infinite.
(Hint: apply Theorem [IV.3.4).

Let K, (for x € X) be a collection of fields indexed by a set X. Let R = [] K,
xeX
which is, with componentwise addition and multiplication, a commutative ring

with 1. For an ultrafilter (see Exercise[27|above) % on X we define [z c R by
()rex €lg —={xeX:a,=0e ZF.

Show that Iz is a maximal ideal of R. Moreover, prove that all maximal ideals
of R are of the form I g for some ultrafilter &% on X.

IV.4 EXERCISES
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DIVISION IN RINGS

In the ring of integers Z the theorem of unique prime factorisation holds: every
positive integer has a unique factorisation into prime factors. In this chapter we
examine to what extend this result can be generalised to other rings R.

Throughout this chapter we restrict ourselves to domains R (see|l.2.13).

Irreducible elements

It is natural to start by considering which elements of the domain R can play the
role of ‘prime numbers’. If p € Z is a prime number, then:

(i) if p=abfor a,beZ thena==+1or b ==+1.
(i) Zp:={np: neZ}cZ is a prime ideal.

Moreover, if p € Z( satisfies either (i) or (ii), then p is prime (and hence p sat-
isfies both (i) and (ii)). We now generalise the property (i), and we present exam-
ples where (i) holds but (ii) does not, see Example and Exercises [I] and [2 on

page[75]

V.1.1 Definition. An element a of a domain R is called irreducible if a is not a unit,
and for all b,c € R such that bc =a eitherbe R* or ce R™.

In other words: an element is irreducible if it only allows ‘trivial’ factorisations,
such as 5 =(—1)-(-5). The irreducible elements of Z are exactly the prime numbers
p and their opposites —p.

V.1.2 Example. Let R be a domain and f, g € R[X]. Then deg(f g) = deg(f)+deg(g)
and deg(1) = 0. So units in R[X] are precisely the polynomials which have degree 0
and moreover have an inverse. In other words, the units in R[X] are just the units
inR,i.e.,

(RIXD*=R".

A polynomial of degree 1 is not necessarily irreducible: 2X -2 = 2-(X —1) is reducible
in Z[X], since the factors 2 and X — 1 are not units in this ring. However, 2X —2 is
irreducible in Q[X] (here 2, and any polynomial of degree 0, is a unit).

More generally for R = K a field, every polynomial of degree 0 is a unit, and as a
consequence every polynomial of degree 1 is irreducible. For polynomials of higher
degree it is in general a delicate matter to determine whether they are irreducible
or not, see Section [V.5|below. —m
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V.1.3 Theorem. Let K be a field and [ € K[X] such that deg(f) =2 or deg(f)=3.
Then f is irreducible in K[X]if and only if f has no zero in K.

Proof. If a € K is a zero of f then f =(X — a)g (see[[IL.5.1) hence f is reducible.
Now assume f has no zero in K. From deg(f) > 0 one concludes that f is not
a unit. Suppose f = gh, where we will assume without loss of generality that
deg(g) < deg(h). If deg(g) # 0 then deg(g) = 1 since deg(f) = deg(g) + deg(h). Hence,
g has a zero in K, and therefore so does f, contradicting the assumption. It follows
that deg(g) =0 so g is a unit in K[X]. We conclude that f is irreducible. |

The next result relates irreducible elements to prime ideals. As the example
following it shows, the reverse statement does not hold in general. In fact the
remainder of this chapter discusses rings in which the converse of the following
theorem indeed holds.

V.1.4 Theorem. Let a € R such that Ra is a prime ideal # (0). Then a is irreducible.

Proof. We have a # 0. Applying property (P1) of to the prime ideal Ra shows
Ra # R, hence a is not a unit (see[[I.4.4). Now assume bc = a for certain b,c € R.
Since a € Ra, property (P2) implies b € Ra or ¢ € Ra. Interchanging b and c if nec-
essary, we may assume b € Ra. This means b = ra for some r € R. The conditions
bc =a and b = ra imply (since R is commutative) that (r¢ — 1)a = 0. Hence because
R is a domain and a # 0 one concludes rc¢ = 1. This shows that c is a unit.

So, in every factorisation bc = a either b € R* or ¢c € R*, which implies that a is
irreducible. This proves Theorem [V.1.4] n

V.1.5 Example. Consider the ring

R:{ZaiXieQ[X]: a1=0, n€Z>0}

i=0

(incidentally, instead of Q one may take an arbitrary field K here); it is not hard to
verify that indeed this defines a subring of Q[X]. Observe that X ¢ R.

We claim that X? is an irreducible element of R, however RX? is not a prime
ideal in R.

First a proof that X2 is irreducible: check for yourself that X? is not a unit. It
remains to show: if

X?=f-g, with f,geR, then feR™ or geR™

From X2 = f - g it follows that deg(f) + deg(g) = 2. However, R contains no polyno-
mials of degree 1, and therefore either f or g has degree 0, let us say this holds
for f. Then f € Q and f # 0, hence f has an inverse in (Q so certainly in R. This
shows f € R* and as a consequence X2 is irreducible in R. (Evidently X2 is not
irreducible in Q[X], since X2=X-X.)

Now we show that RX? is not a prime ideal of R. Note that X3-X%3 e R-X?2
(because X* € R). Were RX? a prime ideal of R, then property (P2) of (with
a=b=X3) would imply X% € RX?, so X € R, a contradiction. _

V.2 Principal ideal domains

This section discusses an important class of rings in which every irreducible ele-
ment generates a prime ideal, and in fact even maximal ideal.
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V.2.1 Definition. A principal ideal domain (PID) is a domain R in which every
ideal is principal (see Definition |[1.2.8).

V.2.2 Remark. In some textbooks the term “principal ideal ring" is used for do-
mains in which every ideal is principal. Other texts allow a principal ideal ring to
have zero divisors.

V.2.3 Example. In Theorem [[.4.2| we saw that Z is a principal ideal domain. And
Example [I1.4.3| shows that R[X,Y] is not a principal ideal domain. Every field
is a principal ideal domain, as follows trivially from [[[.4.5] By [[I[.4.1] K[X] is a
principal ideal domain for every field K. ==

The next result shows that in a principal ideal domain several of the notions
introduced here coincide.

V.2.4 Theorem. Let R be a principal ideal domain, and a € R,a # 0. The next three
statements are equivalent:

(i) Ra is a maximal ideal of R;
(i1) Ra is a prime ideal of R;
(ii) a is irreducible in R.

Proof. ()= (ii): this is an immediate consequence of
(i1)=(iii): this is exactly Theorem [V.1.4]
So far we did not use the condition that R is a principal ideal domain. This will
be used to prove the remaining implication (iii)=(i):
Given is that a € R is irreducible. We must show that the ideal Ra satisfies the
conditions (M1) and (M2) of
(M1) a is irreducible, hence it is not a unit. As a consequence Ra #R.
(M2) Suppose o is an ideal of R with Ra c J < R. We claim that J =Ra or J = R.
As R is a principal ideal domain, J = Rb for some b € R. Thena e RacJ =Rb
implies a € Rb, hence a = rb for some r € R. The irreducibility of a then shows that
eitherre R* orbe R™.
In case r € R* we have b = rla € Ra and therefore J = Rb c Ra, implying
J=Ra.Incase be R* we have J =Rb=R.
This verifies (M2) and completes the proof. |

In particular one concludes that in principal ideal domains the converse of

IV.2.7holds for ideals # {0}:
V.2.5 Corollary. In a principal ideal domain every prime ideal # {0} is maximal.

Proof. Noting that every ideal in such a ring is principal, this follows from the

implication (ii)=(@) in[V.2.4] [ |

V.2.6 Example. Theorem shows that the ring R from Example[V.1.5|is not a
principal ideal domain (note that R is a domain). In fact, the ideal generated by
X2 and X2 is not principal, see Exercise [4 on page _

An important application of Theorem|[V.2.4]is the construction of a field in which
a given polynomial has a zero.

V.2.7 Theorem. Let K be a field and f € K[X] an irreducible polynomial. Put
a:=X+(f)e KIXIf).

Then L := K[X1/f)is a field and K c L is a subring and a is a zero of f in L.
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Proof. Since K[X] is a principal ideal domain and f is irreducible, the ideal (f)
is maximal and therefore L = K[X]/(f) is a field. The inclusion K c L is given by
a— a+(f) (a € K); one simply writes a instead of a + (f) or a.

Using K c L one considers f as an element of L[X]. In L it holds that

=X+ :=X'+(f) and a;X'+(N=a;X'+(f) (a;eK).
Writing f =ag+a1X +...+a,X" it follows that
fl@)=ap+a1X +...4an X" +(F)=F+(f)=0+(f),

which shows that a € L is a zero of f. This finishes the proof. |

V.2.8 Example. Put K =R, f = X?+1 e R[X], L = RIX)/(X2+1), and a := X +(X2+1).
Then R can be considered as a subring of L. Every element of L has a unique rep-
resentation a + bX + (X2 +1)=a + ba. Then

2=X+X2%2+1)? =X2+(X%+1)
=-1+1-(X2+1D+(X2%2+1)
=-1+(X%+1),

and therefore a? = —1 € L. This shows that a is indeed a zero of f. Note that we
already showed L = C (see[[TI.4.3); the given isomorphism sends a = X +(f) to i € C
and i is a zero of X2+ 1in C.

More generally, compare Exercise [12|on page if g=X2+bX +c e R[X] has
no zero in R then R[X/(X2+bX +¢) = C and X +(X2+bX +c¢) corresponds to a zero
zeCofg. ==

V.2.9 Example. Let [, be the field Z/pZ, for p a prime number (see [[.2.11). If
p > 2, then a € F), exists such that X 2_qge F,[X]1is irreducible (which in this case
means X2 —a has no zero in Fp). Indeed, the set x?: xe€ Fp} contains at most
1+ ’%1 (pairwise distinct) elements, since x% = (—x)? (in fact the set consists of
precisely 1+ (p —1)/2 elements). Hence some a € IF,, exists which is not a square,
and for such a the polynomial X2 —q has no zero in F,. For p =3,5,7 one can take
a=2,2,3, respectively.

As aresult, for every prime p > 2 a field consisting of exactly p? elements exists,
namely F,[X /(X 2_a) with a as above. Every element r in this field can be written
in a unique way as r = ¢+ ba for some ¢,b €, and a =X +(X2-a). For p=2we

already saw a field consisting of p? elements, see[II1.3.6 We will see later, [[X.1.1]
that up to isomorphism only one field containing exactly p? elements exists. _mm

V.3 Unique factorization domains

We will present a general method for showing that in certain rings irreducible
elements generate prime ideals.

V.3.1 Definition. A unique factorization domain (or simply: factorization domain)
is a domain R with the property that every a € R,a # 0, can be written as a product
of a unit and a finite number of irreducible elements:

a=u-pi1-pe-... Pi, u€R™, teZsgy, p; € R irreducible

and moreover such a factorization is assumed to be unique up to its order and up
to units, i.e., if

a=v-q1-qz-..."qs, vER™, s€Zsg, q; €R irreducible,
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is another factorization, then s = ¢ and a permutation ¢ of {1,2,...,¢} exists such
that
Di =V qs() for certain units v; e R*,1=1,2,...,¢.

(and as a consequence v = uv1V2 - Uy.)
The given factorization of a is called the prime factorization of a, in analogy
with the prime factorization in Z. (Indeed the ideals Rp; are prime ideals, see

Theorem [V.3.2])

Roughly speaking: a unique factorization domain is a domain in which the unique
factorization into primes holds. Note that the appropriate care with respect to units
used in the definition is not needed in the case R = Z, since there we restricted to
positive integers. However, a similar restriction is not available in more general
domains.

V.3.2 Theorem. Let R be a unique factorization domain, and a € R. Then

a isirreducible < Ra is a prime ideal # (0).

Proof. <: this holds in general, see[V.1.4]
=: Suppose a € R is irreducible. Then a # 0, and it remains to show that Ra is a
prime ideal of R. Evidently (P1): Ra # R holds, since a is not a unit.

We verify (P2). Suppose b,c € R satisfy bc € Ra. We must show that b € Ra
or ¢ € Ra. This clearly holds if 6 =0 or ¢ = 0, so we may assume b,c # 0. Then
also bc # 0, hence bc € Ra can be written as bc = da with d € R, d # 0. Factoriz-
ing d into irreducible elements (and a unit), it follows that b¢ has a factorization
into irreducible elements including the element a. Any factorization of bc¢ into ir-
reducible factors (and a unit) is obtained by combining one such factorization for b
and one for c. The unicity of the factorization therefore implies that the element a
(multiplied by a unit if necessary) occurs here, so a appears in the factorization of
either b or c. This shows b € Ra or ¢ € Ra, proving[V.3.2] [ |

The conclusion is that in a unique factorization domain the converse of The-
orem holds. To verify that certain domains are indeed unique factorization
domains, the next lemma will be used.

V.3.3 Lemma. Let R be a domain in which every a € R, a # 0 can be written as a
product of a unit and a finite number of elements:

a=u-p1-p2-....p;, UER™,t€Zso, p;eR

where moreover forall i =1,2,...,t it holds that p;R is a prime ideal.
Then R is a unique factorization domain.

Proof. Note that in a factorization as given, a # 0 implies that all p; # 0. Hence the
prime ideals p;R are nonzero, so Theorem shows that the p; are irreducible.
It remains to show that the given factorization is unique. Suppose a = upi---p;
has another factorization:

Uupipz---pt=0vq1492---gs

with u,v € R*, t,s € Z>¢, p; irreducible and Rp; a prime ideal for (1 <i <t), and
irreducible g; (1< j<s).

We will show that s = ¢, and that the g;’s up to units coincide with the p;’s. We
use induction w.r.t. ¢.

If ¢ = 0 then vg1q2...gs = © is a unit. Since irreducible elements are not units,
this is only possible when s =0 and v = u, as desired.
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Now let ¢ >0. Then qi1g2-...-gs =v ' -upipa-...- p; € Rp; which is a prime
ideal. If s = 0 then this implies Rp; contains a unit, contradicting (P1) of [[V.1.1).
Hence s > 0. By (P2) of [V.1.1| the product gi-gs2-...- g5 being in Rp, implies that
one of the factors, say qs, isin Rp;: qs =r-p; for some r € R. Since ¢, is irreducible
and p; is not a unit, r must be a unit. Substituting r - p; for ¢; and using that R is
a domain, we conclude

upipz---pi-1=0vlqiqe---qs-1, rveER”.

From the induction hypothesis therefore ¢t —1 = s—1 and the pi,p9,...,ps—1 coin-
cide up to units with the gq1,q9,...,qs—1. As a consequence s =t and p1,pao,...,p;
coincides up to units with g1,92,...,¢qs. This proves Lemma [V.3.3] [ ]

The next result uses this lemma:
V.3.4 Theorem. Every principal ideal domain is a unique factorization domain.

Proof. Let R be a principal ideal domain. It suffices to show that every r € R with
r # 0 has a factorization r =upi-...-p; (with R p; prime ideals): unicity then follows
from Lemma [.3.3]

Assume a1 € R, a1 # 0 does not have a factorization as desired. Then the
ideal Ra; is not equal to R (otherwise a; would be a unit and that yields the
desired factorization). Applying Corollary a maximal ideal M exists with
Raij c M. Since R is a principal ideal domain, M = Rp; for some p; € R. As
a1 € Ray c M = Rp; we can write a1 = agp1 with ag € R. Now Ra; < Ras and
using that p; is not a unit, Ra; # Ras.

We repeat the argument above: ag # 0 and ag is not a unit (recall that by
assumption a; does not admit a factorization as product of a unit times a finite
set of generators of prime ideals), so a maximal ideal Rpg > Rag exists, et cetera.
Continuing in this way one obtains a chain of ideals (Ra,);; with Ra, < Ra,+1
but Ra, # Ra, .1 (for all n). Put

I:=JRa, (cR).
n=1
It is easy to verify (check for yourself!) that I is an ideal of R. Again using that R
is a principal ideal domain, d € R exists with

I=Rd.
Now I is the union of all Ra,, hence m exists with d € Ra,,. But then
Ra,<cRau1<clI=RdcRa,,,

contradicting Ra,, # Ram+1-

The assumption that some element a1 # 0 in R has no factorization as a product
of a unit times a finite number of generators of prime ideals therefore leads to a
contradiction. We conclude that every r € R, r # 0, admits such a factorization,
which proves the result. u

Let K be a field. Then by [[IT.4.1] K[X] is a principal ideal domain, hence by
Theorem K[X] is a unique factorization domain. Any irreducible g € K[X]
has positive degree. The leading coefficient a, of such a g is a unit, so g can
be written in a unique way as g = a,h with A monic and irreducible. The prime
factorization of any nonzero f € K[X] can therefore be given as

f= uh'{lhgz...hzk,
with u € K* = K[X]* and the h; pairwise distinct monic irreducible polynomials.
Moreover this factorization is unique (up to permuting the A;’s). This is similar to
the situation in Z where one takes positive irreducible elements after multiplying
with an appropriate unit +1.
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V.3.5 Theorem. Let K be a field and [ € K[X]non-constant. Suppose f = uh'll1 hzk

is the prime factorization of f (so u is a unit and the hj are irreducible and pairwise
distinct).
Then k =1 and

KIXW(F) = (KIXVRM)) x ... x (KIXVR™)).

Proof. We use induction w.r.t. the number % of irreducible factors of f. Since f is
non-constant and all constants in K[X] have degree <0, we have 2 =1. For k=1
the theorem trivially holds.

Now let £ > 1 and write

f=@h] ...hZ’i’ll)th =: fk_lhzk.
Define the ideals I, J in K[X] by
I=(fr_1) and J = (hzk).

We claim that I +J = K[X], which will allow us to apply the Chinese remainder
theorem to KIX1(f)=KI[XVIJ.

Since K[X] is a principal ideal domain,
I+J=(g)

for some g € K[X]. We have k" € J < (g), so r € K[X] exists with A}* =rg. Con-
sidering the (unique) prime factorization of r and of g in K[X] and using that A, is
irreducible, it follows that

g =vhj

for some m < njp and some unit v.
On the other hand also f;_1 € I < (g), so s € K[X] exists with f;_1 = sg, which
means
-1
uh'll1 .. hy 1 =svh}'.

Here the A; are monic and irreducible and K[X] is a unique factorization domain,
hence m = 0. This shows that g is a unit in K[X], so indeed I + J =(g) = K[X].
The Chinese remainder theorem now implies

KIXW(f) = KIXW(fr-1h}") = KIXW(fr-1) x KIXV(R").
Using the induction hypothesis for the ring K[X1/(f;-1) now yields
KIXWU(f) = KIXV(h]Y) x KIXW(h3?)... x K[X]/(hzk),

as desired. This finishes the proof of Theorem [V.3.5] [ ]

V.4  Polynomials over unique factorization domains

Given any field K, Theorem|[[II.4.1|states that K[X]is a principal ideal domain and
therefore by Theorem we have that K[X] is a unique factorization domain.
The current section intends to prove a more general result.

V.4.1 Theorem. If R is a unique factorization domain, so is R[X].
V.4.2 Corollary. For every integer n > 0 and every unique factorization domain R

the ring R[X1,Xo,...,Xn]is a unique factorization domain. In particular the rings
7Z1X1,X9,....Xn]l and K[X1,Xo,...,X,]1 (K a field) are unique factorization domains.
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Proof. (of Corollary[V.4.2]) This is immediate from Theorem using induction
w.r.t. n. |

We will prove Theorem using the following strategy. Given the unique
factorization domain R, let K := Q(R) be its field of fractions as introduced in
Since K is a field we know that K[X] is a unique factorization domain. Hence
given a nonzero f € R[X], there exists a factorization of f into irreducible elements
of K[X]. What remains, is to modify this factorization (by clearing the denomina-
tors of the coefficients of the factors we have in K[X]), and in this way obtain a
factorization in R[X].

V.4.3 Definition. Elements a, b in a unique factorization domain R are called as-
sociated if a = ub for some u € R*.

In the remainder of this section we fix a unique factorization domain R. It is
not difficult to see that ‘being associated’ defines an equivalence relation on R. Let
P c R be a set of irreducible elements of R; moreover we take P in such a way that
every irreducible element of R is associated with precisely one element of P.

V.4.4 Example. In case R = Z one can take P the set of all positive irreducible
elements, in other words the set of all prime numbers.

In case R = K[X] and K a field, the set of all monic irreducible polynomials is
such a P. _

V.4.5 Definition. For R and P as above, all nonzero a, b € R have a unique factor-

ization
a:u.npn(p)’ b:v‘npm(p)
peP peP
with n(p), m(p) € Z>o, only finitely many n(p), m(p) different from 0, and u,v € R*.
The greatest common divisor (ged) of a and b is defined as

ged(a,b):= [] p™nn @ me) (e R),
peP

For a different choice P’ instead of P, the p € P will be changed into elements
p’ € P! which are associated with the original ones. Then n(p) = n(p’) if p, p’ are as-
sociated, and the ged will change by at most a unit. Exercise|7|on page|76|explains
the terminology ‘ged’.

n .

V.4.6 Definition. With R and P as above, let f = Y} a; X' € R[X], f # 0 and take
i=0

d the greatest common divisor of the coefficients ag,a1,...,a,. This d is called the

content of f, notation:
co(f):=ged(ag, ai,...,an).

A polynomial with content a unit is called primitive.

Note that the content co(f) of a nonzero polynomial f depends on the choice of
P c R, hence it is only defined up to multiplication by a unit in R. Any nonzero
polynomial f can be written as f = rg with r = co(f) € R and g € R[X] a primitive
polynomial. The next lemma extends this observation to polynomials with coeffi-
cients in K.

V4.7 Lemma. Any f #0 in K[X] can be written as
f=d-fo, with deK* and fo€RI[X] primitive.

Up to multiplication by units in R this way of writing f is unique.
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Proof. Let ¢ be the product of the denominators of the coefficients of f. Then
cf € RIX], and cf =co(cf)-fo with fy € RIX]

a primitive polynomial. Hence in K[X] one finds f = ¢ L-¢f = (¢"1-colef))fo, S0
taking d = ¢! - co(cf) yields an expression as desired.

Now suppose d - fo =e-go, with d, e € K™ and fy, g9 € R[X] primitive. We claim
thatd =e-u, fo=u"1-go for some u € R*, proving the asserted uniqueness. Mul-
tiplying both d and e by a suitable nonzero element of R we may assume d, e € R.
Then d and e both equal (up to a unit in R) the content of d - fo = e g¢, hence they
are associated in R. This proves Lemma[V.4.7 |

The next lemma states how the content of a product of polynomials is related
to the product of the contents.

V.4.8 Lemma. If f,g € R[X] are nonzero polynomials, then co(f g) and co(f)-co(g)
are associated in R. In particular, the product of primitive polynomials is primitive
as well.

Proof. Suppose f =Y a;X! and g = ijXj are primitive but f-g =Y ¢z X* is not.
Then an irreducible element p € R exists dividing all coefficients c; of f-g. So
cr€Rp for all k. Let f =Y a;X' € (R/pR)X] and g = ZEJ-XJ € (R/pR)IX] (here
a=(amod pR)e R/pR, for a € R). In (R/pR)[X] we now have

Fg=0ax) QO bx)=Yx =Y 0-x*=0.

By Theorem [V.3.2| Rp is a prime ideal of R, hence (see Theorem R/pR is
an integral domain. Therefore (R/pR)[X] is a domain as well. Hence the product
f -2 can only be zero if one of the factors f or g is zero; say f. Then all a@; equal
0, which means all a; are divisible by p. This contradicts the assumption that f
is primitive. We conclude that the product of primitive polynomials is primitive as
well.

If f, g are arbitrary nonzero polynomials then

f-g=co(f)fo-co(g)go = (co(f)-co(g))fo- Lo.

Here fy and g¢ are primitive, hence so is fpgo. As a consequence, up to multipli-
cation by a unit the content of f - g equals co(f)-co(g). This finishes the proof of
Lemma[V4.8] [ |

V.4.9 Lemma. Any nonzero f € R[X] can be written as

f=u-pip2---ps-8182° 8¢

with u € R*,s,t € Zsy and p1,pe,...,ps irreducible elements of R and g1,82,...,8¢
primitive polynomials in R[X] which are irreducible in K[X].

Moreover, this way of writing f is unique up to ordering and multiplication by
units of R.

Proof. Since K[X]is a unique factorization domain, f can be written as

f=d-g182 81,

with d € K[X]* = K*,t € Z>p, and g1,82,...,8: € K[X] irreducible. Up to ordering
the g;’s and multiplying by elements of K* this factorization is unique. Writing ev-
ery g; in the form as given by Lemma [V.4.7| one concludes that we can assume the
gi are primitive in R[X] (changing d if necessary). Moreover with this additional
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constraint the g; are fixed up to units in R. Since f =dgi1g2--- g+, the same holds
for d.

As each g; is primitive, so is (by [V.4.8) g1g2---g:. Hence f =d-(g182---g¢) is
the unique way of writing f as given in Hence d equals the content of f; in
particular d € R. Now factor d in R as

d=u-pip2- - ps (weR™, s€Zsg, p; €R irreducible)

(this is again unique up to ordering and units, as R is a unique factorization do-

main). Now f =upips---psg182--- &+ is the required (unique) factorization. This
shows [ |

Using the lemmas above we now show the main result of this section.

Proof. (of Theorem [V.4.1]) Let f € R[X],f # 0. We claim that the factorization of f
as given by Lemma[V.4.9|is in fact a factorization into irreducible elements of R[X].
For this, we only have to show that the irreducible elements of R[X] are precisely
the irreducible elements p of R and the primitive polynomials g € R[X] which are
irreducible in K[XT].

Assume f € R[X] is irreducible, and write f as in[V.4.9] Then s+¢ # 0 (since f
is not a unit), and s + ¢ < 2 (otherwise we obtain a factorization of f into two non-
units). So s+t =1, which shows that f equals (up to a unit) some p or some g as
described above. So indeed the irreducible elements of R[X]have the desired form.

Vice versa, let p (respectively g) be an irreducible element of R (respectively a
primitive, in K[X] irreducible polynomial from R[X]). This is not a unit in R[X]
since R[X]* = R*. If it can be written as a product f1f2 of two non-units in R[X],
one immediately arrives at a contradiction with the uniqueness given in by
combining the factorizations of f1 and f5 into one for p (or g) = f1f2. We conclude
that p (respectively g) is irreducible in R[X]. This shows [ ]

We draw some important conclusions from the proof of Theorem [V.4.1}

V.4.10 Corollary. Let R be a unique factorization domain with field of fractions K,
and suppose f € R[X] is primitive. Then
f is irreducible in K[X] < f is irreducible in R[X].

Proof <: We saw earlier that any irreducible f € R[X] is either irreducible in
K[X] or it is an irreducible element of R. In the present case the latter possibility
does not occur since f is primitive.

=: Suppose f = g-h with g,h € R[X]. Since f is irreducible in K[X] one of
these factors, say g, is a unit in K[X]. So g€e K*NnR[X]=R —{0}. From f = g-h one
concludes that g divides the content of f. However co(f) =1, so g€ R*. Hence f is
irreducible in R[X]. This proves Corollary[V.4.10] [ ]

V.4.11 Corollary. (Lemma of Gauss) Let R be a unique factorization domain
with field of fractions K, and suppose f € R[X] is monic.
If g € K[X] is monic and g divides f, then g € R[X].

Proof. Since g|f and both polynomials are monic, a monic 2 € K[X] exists with
f=gh. By[V4.7u,v e K* exist with u-g and v-h primitive in R[X]. These poly-
nomials have leading coefficients u and v, hence u,v € R. Now on the one hand
f € R[X] is monic, hence primitive. On the other hand, using Lemma also
uv- f =(ug)-(vh) is primitive. This is only possible if zv € R*, which implies that
u and v are units in R. We conclude: g=u"'-uge R[X]. This shows |
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V.5 Factorizing and irreducibility of polynomials

We discuss some practical methods to factor or show irreducibility of polynomials.

determining a zero of a polynomial.

Let K be a field and f € K[X]. Any polynomial of degree one in K[X] is (up to a
unit) of the form X —a for some a € K. By[[I1.5.2| X —a is a factor of f if and only
if a is a zero of f. Searching for degree one factors of f is therefore equivalent to
searching for zeros of f in K. The next three remarks can be useful here.

1. if f=aX?+bX +c and a #0 then
da-f =(2aX +b)? - (b® - 4ac)

(‘completing the square’). If 2 # 0 in K one concludes that f has a zero in K
if and only if 52 — 4ac is a square in K. The condition 2 # 0 in K is necessary
here since otherwise 4af = 0. Note that for example in the field K =Fs we have
2 =0. The polynomial X2+ X +1€Fy[X] (so witha=b=c=1) has b2—4ac=1
which is a square in [Fg; however the polynomial is irreducible.

2. in case the field K is finite one can try the elements of K one by one. As an
example: K =F3, f = X3+ X +1; here f(0)=1,f(1) =0, f(2) =11 = 2. Hence 1 is
the only zero of f in K. One finds f =(X -DX%2+X -1).

3. in case K = Q (the field of fractions of the unique factorization domain 7), we
may assume that f is primitive in Z[X], so

f=a,X"+..+a1X+ag, a;€7Z,a,#0,gedla,,...,ar,ap)=1.

Moreover, factoring out the divisor(s) X if any, we may also assume ag # 0.
Claim: every zero of f has the form 2, with b € Z a divisor of ag and c€Z a

c’
divisor of ap.

Proof. Suppose % is a zero of f, with b,c € Z and ged(b,c) = 1. Then f =(cX-b)-g
with g € Q[X], and since ¢X — b is primitive in Z[X] even g € Z[X]. Compar-
ing the leading and the constant coefficients it follows that c|a, and blag, as
desired. [ |

Example: f =2X3+X?—-X +3. The possibilities for b are +1,+3 and for ¢
(which we may assume to be positive) only 1 and 2. Trying these eight possible
fractions b/c one finds that —3/2 is the only zero of f in Q.

An important special case is when f € Z[X] is monic (a, = 1). Then necessarily
¢ =1, so every rational zero is an integer and in fact a divisor of ay.

In many cases one can reduce the number of possible fractions b/c even further
by considering the sign of f(x) or by considering the polynomial modulo a small
prime number.

Example: f = X%+ X2+ X +6. Possibilities for b/c: +1,+2,+3,+6. Clearly here
x>0= f(x) >0, and x odd = f(x) odd. Hence only —2 and —6 need to be
considered. Of these, only —2 turns out to be a zero of f.

Reducing modulo a prime number.
Claim: Let f € Z[X] be monic and suppose that a prime number p exists such that
(f mod p) € F,[X] is irreducible. Then f is irreducible in QLX]and also in Z[X].

Proof. Afactorization f = g-h in Z[X1yields f = g-h (with f = (f mod p) in F,[X]), a
contradiction. So f is irreducible in Z[X]. By the lemma of Gauss (Corollary[V.4.11)
then also in Q[X]. [ |
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Example: f =X*+3X3-X2-X+27. Take p=2,then f =X*+ X3+ X2+ X +1is
irreducible in Fo[X] since it has no zero in Fy and it is not divisible by the only irre-
ducible polynomial of degree 2 in Fo[X], which is X 24+ X +1. Hence f is irreducible
in Z[X] and in Q[X].

Also in cases where f is not irreducible this method yields information.
Example: f = X*—-X?+X +2. Using a method explained earlier one verifies that
f has no zero in Q. Hence if f is reducible in Z[X] then f = g-h with g,h both
of degree 2. So f =g-h in Fo[X]. However f € Fo[X] splits into the irreducible
factors X and X3+ X +1, so f does not have factors of degree 2. Conclusion: f is
irreducible in Z[X] and in Q[X].

Eisenstein’s criterion.
The irreducibility criterion we now discuss is named after the German mathemati-
cian Gotthold Eisenstein, 1823-1852.

V.5.1 Definition. Let R be a unique factorization domain and p € R irreducible.
f=a,X"+..+a1X +ag € R[X]
is called an Eisenstein polynomial (for p) if:

p Tan:
pla; fori=0,1,...,n—1,

p*tao.

V.5.2 Theorem. For a unique factorization domain R with field of fractions K, an
Eisenstein polynomial f € R[X] for an irreducible p € R is irreducible in K[X] and,
in case f is primitive, also in R[X].

Proof. Since co(f) is not divisible by p, the primitive polynomial f/co(f) is an Eisen-
stein polynomial as well. Without lack of generality we will therefore assume that
f is primitive. Suppose

f=g-h, g,h e R[X], deg(g)>0, deg(h)>0.
The assumptions imply that in (R/pR)[X] we have
f=(fmodp)=a,X" and a,=/(a,modp)#O0.

Moreover _ . .
f=g-h, deg(g)>0,degh)>0.

This is only possible if _ .

g=bXx*  h=tx’
for some b,c € R and &, ¢ € Z~y. Hence the constant coefficients of g and & are both
divisible by p, which implies that the constant coefficient ag of f is divisible by p?,

a contradiction. The primitive polynomial f is therefore irreducible in R[X] hence
by Corollary also in K[X]. This finishes the proof. ]

V.5.3 Examples. R =7, f = X5+2X?3—6; this is an Eisenstein polynomial for p = 2,
hence it is irreducible in Q[X] and in Z[X].

R=RI[Y]Lf=X3+X*-1)X —(Y2+1): this is an Eisenstein polynomial for
p=Y2+1. Tt is also primitive, hence irreducible in R[X,Y]. The same holds for
X2+Y2-1eRIYDIX]using p=Y —1.
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Comparing coefficients.
4 .
If, as an example, we want to factor Y a;X" in Z[X] (with ag # 0, and we know
i=0
that no factor of degree < 1 exists, then we try

4 .
Y ai X' =(b2X?+b1X +bo)-(c2X? +c1X + co).
1=0

Comparing coefficients implies in this case that

i. b2C2 =a4

ii. bgc1+bicg=as
iii. bgcog+bici+boce=as
iv. bico+boci=a1

A\'A b()C() =ag.

For bg,c2,bp,co using i. and v. there are only finitely many possibilities. For
fixed bg,co,b0,co we know bicy using iii., et cetera. This method is usually quite
time consuming, but in the case of degree 4 it will lead in finitely many steps to a
splitting of f in irreducible factors.

V.5.4 Remark. In the textbook B.L. Van der Waerden, Algebra (Volume I Chapter 5
§6 (Springer-Verlag, original German text 1931, this English translation 1991), an
algorithm is presented which factors in finitely many steps any f € Z[X] into irre-
ducible elements. It is mainly of a theoretical value. For further (more practical)
literature we refer to Chapter 2 of the book H.G. Zimmer, Computational Problems,
Methods, and Results in Algebraic Number Theory (Springer-Verlag, 1972) or Chap-
ter 3 §5 of H. Cohen, A Course in Computational Number Theory (Springer-Verlag,
1993)).
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V.6 Exercises

1. We consider the ring
R=7[V-5]={a+bV=5: a,beZ}

(a) Show that 2,3 € R are irreducible.
Hint: use, as in[[.2.5] the norm map

N:R—Z, N(a+bV-5)=a®+5b
which has the property

reR* o N(r)=+1.

(b) Show that R2 and R3 are not prime ideals in R. Is R a unique factorization
domain?

(c) Why is the above not a contradiction with Theorem ?

(d) Show that 6 =2-3 and 6 = (1+ v-5)(1 - v —5) are two genuinely distinct
factorizations of 6 as a product of irreducible elements of R.

2. Let R be the ring of polynomial functions on the circle:
R=RIX,YVI, I=(X%2+Y2%2-1),

andput x:=X+1I, y:=Y+I€R.

(a) Prove that x—1 and y—1 are irreducible in R. (Hint: use the map N : R — R[X]
given in Exercise[18|on page[51).

(b) Prove that (x —1) and (y — 1) are not prime ideals in R and that R is not a
unique factorization domain.

(c) Show that a = (x+y—1)2 =2(x—1)(y — 1) are two distinct factorizations of
a as a product of irreducible elements (and a unit 2).

(d) Draw a picture of the circle and the lines X+Y -1=0, X-1=0, and
Y —1=0. Find some more elements in R which allow two distinct factor-
izations into irreducible elements.

3. For each of the following elements of Z[v—3], determine whether it is irre-
ducible and whether it generates a prime ideal:

v-3,1, 2, 1+v-3, 5.

4. Let R ={Ya;X' € Q[X]:a; = 0} as in Example
(a) Let
evg:R —Q, f—f)

be the evaluation homomorphism in 0. Prove that
ker(evo) = (X2, X®)={f =X%g+X°heR: g,heR).

(b) Prove that ker(evy) is not a principal ideal, and that it is a maximal ideal.
5. Let R={a/beQ: a,beZ, b odd}. This is a subring of Q.
(a) Determine R*.

(b) Prove that every x € R, x # 0 can be written in a unique way as x = 2% -u
for some k€ Z-g, ue R*.
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10.

11.

12.

13.

14.

15.

(c) Show that 2 is up to multiplication by units the unique irreducible element
of R. Is 2R a prime ideal?

. Let R =ZIX1(5X, X?).

(a) Prove that every element of R can be written in a unique way as
a+b-X with a€Z, beZ, 0<b<b.

Here ~ denotes the residue class modulo (5X, X2).
(b) Prove: a+bX e R* < a€{+1}.
(c) Prove:ifa=X, f=2-X then

R-a=R-f and a¢R™-B.

. Let R be a unique factorization domain and a, b € R not both zero. Put d = ged(a, b).
Suppose that ¢ € R is a divisor of both @ and b, so a1, b1 € R exist witha =ca1, b =cb1.

Prove that c is a divisor of d.
Factor X8 — 16 and X°® + 27 into irreducible elements of Q[X].
Is 5X* + 10X + 10 an Eisenstein polynomial in Z[X]? Is it irreducible in Z[X]?
And in Q[X]?
Show that X™ + 2 is irreducible in Z[X] for all n € Z.
Prove that Y™ — X is irreducible in K[X,Y] (K a field) for all n € Zxg.
(a) Find an example of an irreducible polynomial f € Z[X] with the property
that f(X?) is not irreducible.

(b) Let f € Z[X] be a monic Eisenstein polynomial. Show that f(X?) is irre-
ducible in Z[X].
Let R be a unique factorization domain. prove that

UVLEOR[XI’XZ""’XYL]

is a unique factorization domain as well.
Write the following polynomials as a product of irreducible elements in Z[X]
and in Q[X1:
4X2 44,
2X104+4X5+3,
X*-7X%2+5X -3,
XM 9x7 4 97X37 4 27,
X3+X+3.

Write the following polynomials as a product of irreducible elements in Z[X]
and in Q[X1:
HX+1)-XT-1),
X3+3X2+6X+9,
X*+2X3+3X%2+9X +6,
X12 _ 1’
X4-X3+X2-X+1.

Write the following polynomials as a product of irreducible elements in Q[X,Y]:

Y4+ X241,
Y3-(X+1Y2+Y +X(X-1),
X"+Y3+Y (n=1),

X4 +4Y4,
X*+2X8+X2-Y2-2Y -1,
Y"-13X* (n=1).
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16.

17.

18.

19.
20.

Let I cZ[X] be a prime ideal.

(a) Prove that I nZ is a prime ideal in Z.

(b) Prove that either I = {0} or I =(f) for some irreducible f € Z[X] or I = (p)
with p € Z a prime number or I = (p, f) where f € Z[X] is irreducible

modulo the prime number p.
(c) Describe the maximal ideals of Z[X].

Suppose that n > 0 is an integer such that n* + 4" is a prime number. Prove

that n =1.

Let f € Z[X] be a monic polynomial such that f(0) is a prime number. Prove

that f has at most three distinct zeros in Q.
Find all irreducible f € Fo[X] of degree at most 3.
Let R =C[U,VI/(UV -1).

(a) Prove that

CIT, T 11:= {% eC(T): f(T)eCIT), i€ Z}

is a subring of the field C(T").
(b) Prove that R =C[T,T1].

(c) Prove that R is a principal ideal domain.

(d) Prove that R =C[X,YU(X2+Y2-1) (hint: X2+Y2=(X +iY)X -iY)).

(e) Find an element r € C[X,Y (X% +Y?2 - 1) such that () = (x— 1, y) where
x:=X+X%2+Y2-1 and y=Y +(X2+Y2-1). (compare Exercise on

page[51).
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VI

EUCLIDEAN RINGS AND THE GAUSSIAN INTEGERS

VI.1 Euclidean rings

We now discuss a special kind of principal ideal domains. Examining how we deter-
mined that the rings Z and K[X] (K a field) are indeed principal ideal domains, we
see that in both cases an important role was played by the possibility to perform di-
vision with remainder: compare Theorem [[T.4.2]for the ring Z, and Theorem [[TT.4.1]
for K[X]. Integral domains allowing such a division with remainder are called
Euclidean. We start by formally introducing them.

VIL.1.1 Definition. A ring R is called a Euclidean ring if it is a domain, and more-
over a function

g:R-{0} —Zx

exists with the property:
(**) for all a,b € R with b # 0 there exist ¢,7 € R with a = ¢b +r and either r =0 or
g(r) < g(b).

VI.1.2 Remark. Property (**) expresses the possibility to do ‘division with remain-
der’. The function g is used to say that the ‘remainder’ r is smaller than the element
b one divides by.

VI.1.3 Example. For R = 7Z one can take g(n) = |n|, in which case the familiar
division with remainder for integers (and the fact that Z is an integral domain)
shows that Z is Euclidean.
Next, take K any field and R = K[X]. Then g(f) = deg(f) works, as follows from
Theorem [[T1.3.1] Moreover K[X] is an integral domain, hence K[X] is Euclidean.
A field K is trivially Euclidean: we may take g(a) =0 for all a € K —{0}. ==

VI.1.4 Theorem. Any Euclidean ring R is a principal ideal domain.

Proof By definition R is a domain. Take I c R any ideal. We will show that I is
a principal ideal. If I = {0} this is clear. Now suppose I # {0}. Then I —{0} is not
empty, hence g(I —{0}) is a nonempty subset of Z~¢. This subset contains a smallest
element, hence b € I — {0} exists with

g(b) = min{g(x) : xeI—{0}}.

We claim that
I=Rb.
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The inclusion o is clear since b € I. The inclusion c is shown as follows. Let a € I.
Since R is Euclidean, q,r € R exist with a = ¢b +r and either r = 0 or g(r) < g(b).
If r # 0 then g(r) < g(b), and r =a —qb € I. This contradicts the choice of . As a
consequence, r = 0, which implies a = ¢b € Rb, as we wished to show.

We conclude that I = Rb is a principal ideal, which proves Theorem[VI.1.4 N

Note that the above proof is completely analogous to the proofs of (for
R =7) and [IT.4.1|(for R = K[X])).

The converse of is not true in general: there exist principal ideal domains
which are not Euclidean. An example of this is the ring R = Z[3(1+V~19)], see

Exercises[2]and [3]on page

The types of rings discussed so far are displayed as follows.

’ {Rings} D {Comm. Rings} D {ID’s} D {UFD’s} D {PID’s} D {EuD’s} O {Fields}. ‘

Here the following (mostly quite standard) abbreviations were used

Comm. Rings || commutative rings (Definition|I.1.1
ID’s integral domains (Definition [[.2.13
UFD’s unique factorization domains | (Definition|V.3.1
PID’s principal ideal domains (Definition |[V.2.1
EuD’s Euclidean rings (Definition VI.1.1[)

VI.1.5 Theorem. The ring Z[i] is a Euclidean ring, taking g the norm map
gla+bi):=N(a+bi)=(a+bi)a+bi)=a’+b%, fora,beZ.
In particular ZIi] is a principal ideal domain.

Proof. Take a,f € Z[il, B #0. We must find y, p € Z[i] such that
a=yB+p and N(p)<N(p)

(note that N(0) = 0). So in C we must have a/f =y + p/p and N(p/B) <1 (for the
obvious extension of the norm N to all of C). This may be interpreted as stating
that y € Z[i] should be a good approximation of the complex number a/g.
In C write «
E=u+vi, with u,velR.

Choose 1 1
u',v'€Z suchthat |u-u'|< > and |v-v'|< 3
Put
y=u'+v'i € Z[i]
and define the ‘remainder’ p by
p:=a—-vyBe Z[il, ) a=yB+p.

We claim that in this way a (not necessarily unique) division with remainder as
required in the definition of a Euclidean ring is obtained.
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Indeed, since N(a)N(B) = N(ap), the inequality N(p) < N(p) follows from

a
N(=-7)

5 Y
= N(u-u)+@-0v")i)
= w-u)’+@w-0)?

< (%)2+<%)2

N(p/p)

[l SR

This shows that Z[i] is a Euclidean ring. Theorem now implies that Z[{] is
a principal ideal domain. |

VI.1.6 Example. We do division with remainder for « =5+ 67 and =2 +1i. First,
in C one has

a ((B+6i)2-i) 16+T7T: 1 .2

== - — = =3=-+i-1-.
B @2+iN2-1) 5 5 5

Here a ‘good approximation’ y for a/f is

Y=3+i = p:=a-yPf=5+6i-(3+0)2+i)=1.
Hence a division with remainder as requested is
5+6i=38+i)2+1)+1, note that indeed N(i)=1<5=N(2+1).

— .

The proof of Theorem presented above can be interpreted geometrically
as follows: we must show that any complex number a/f can be approximated by
an element of Z[i] in such a way that the difference has absolute value < 1. In
other words: the open discs with radius 1 and center the elements of Z[i], should
cover the complex plane. The fact that they indeed do is immediate after drawing
a picture.

There are various rings where an analogous reasoning shows that they are Eu-
clidean. Examples include Z[v/—2] and Z[%(l +vV-3)]={a+ %(1 +v-3)b:a,beZ}.
In the complex plane, this latter ring consists of the vertices of a regular pattern
consisting of equilateral triangles. The fact that this ring is Euclidean can be used
to prove ‘Fermat’s Last Theorem in the special case n = 3. The general case of this
theorem states that no x,y,z € Z-¢ exist with x" + y = 2", in case n is an inte-
ger larger than 2. Fermat claimed to have a proof of this, but it is unknown (and
strongly doubted) whether that was indeed the case. For centuries many mathe-
maticians and amateurs attempted to prove Fermat’s Last Theorem. In June 1993
the English mathematician Andrew Wiles (Who worked at Princeton University
in the U.S.A.) announced that he, building upon the work of a long list of number
theorists and algebraic geometers, finally succeeded in this. Unfortunately this
first ‘proof’ still contained a serious flaw, but little more than a year later Wiles
in collaboration with his former student Richard Taylor succeeded in completing
the argument. The now fully accepted proof appeared in the journal Annals of
Mathematics 142 (1995).

The ring Z[v/—5] is not a principal ideal domain as can be seen using Exercise
on page hence this ring is certainly not Euclidean. So the discs of radius 1
centered around the elements of Z[v/~5] do not cover the complex plane. In a
similar way one shows that Z[v/—3] is not a principal ideal domain, hence not a

80

VI EUCLIDEAN RINGS AND THE GAUSSIAN INTEGERS



Euclidean ring. In this example it turns out that the region of the complex plane
which is not covered by the discs, consists of a set of isolated points.

Also for m > 0 there are Euclidean rings of the form Z[/m]. Examples include the
rings Z[v/2] and Z[v/3], with

(*)  g@=IN(a), Nasin[[25

For more examples we refer to the Exercises. The proofs are in these cases quite
analogous to the proof presented for Z[i].

An interesting ring is Z[v/14]: here the function defined by (*) does not satisfy
the condition needed to show the ring is Euclidean. However, it is believed that
some other function g exists which does fulfill the requirement. However, to date
this remains unproven, so we do not know whether Z[v/14] is Euclidean. We do
know that Z[+/14] is a principal ideal domain.

VI.2 The Euclidean algorithm

Throughout this section R is a Euclidean ring.

In a principal ideal domain (such as R, see Theorem for every pair of ele-
ments a, b the ideal (a, b) generated by them is principal. So d in the ring exists
such that

(a,b)=(d), and in particular ar+bs=d

for certain r, s in the ring.

VI1.2.1 Definition. Given elements a, b in a principal ideal domain, a generator d
of the principal ideal (a,b) is called a greatest common divisor of a and b. We write
ged(a, b):=d.

VI1.2.2 Remark. Note that in general a greatest common divisor d of a,b is not
uniquely determined. If u is any unit in the ring, then (d) = (ud); hence ud is also
a greatest common divisor of @ and b.

V1.2.3 Remark. From Theorem we have that a principal ideal domain is
in particular a unique factorization domain. In unique factorization domains we
already defined a gcd in Definition Exercise [11] on page [90] shows that the
two definitions agree.

In a Euclidean ring there is a method called the Euclidean algorithm for finding
a greatest common divisor of any pair of elements.

Given a, b in a Euclidean ring R. We assume both a and b are nonzero, other-
wise we already have a gcd. Assume (after interchanging a,b if necessary) that
2(b) < g(a). Division with remainder yields gg, 71 € R such that

a=qob+ry and r1=0 or g(ry)<g(b).
Since a, b € (a, b) also r1 =a—qob € (a, b), and
(a,0)=(qob+r1,b)=(b,r1).

If r1 = 0 then (a, b) = (qob, b) = (b) hence ged(a, b) = b. And if r; # 0 we have
g(r1) < g(b) < g(a), hence we obtained ‘smaller’ generators b, r1 of the ideal (a, b).
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If r1 # 0 one continues by dividing b with remainder by r:
b=qiri+rg, and rg9=0 or g(re) <g(ry).
Then
(a,b)=(b,r1)=(q1r1+re,r1) =(ry,ro).
If ro # 0 then divide rg by ri:

ri=gqoro+rs and rgz=0 or g(rg) <g(ra),

it follows that (a, b) = (b, r1) = (r1,r2) =(ra, r3).
Note that in each new step either rp =0 or g(rp) < g(rx-1), and g(rp) € Z>o. So
after finitely many steps one obtains n with

Tn—-2=Qqn-1Tn-1+rn and r,=0.

Then
(a,b)=(rp-1,rn)=n-1), hence ged(a,d)=r,-1,

which determines a ged of @ and b.

Elements r, s € R with ar + bs = d are now constructed as follows.

a—-qob = r .

b oz }2 b-qila—qob)=rz, ie, (=q1a+(1+qoq1)b=rs,
—qir1 = r2

where we substituted the first equality into the second. Now if

hi—ia+ ki-1b = ri1
and r;_1—-gq;r;=r;
hia+ kb = r i-1—4ir; i+1,

then a substitution shows
(hic1—qihp)a + (ki—1—q;k))b =111,

S0
hiv1=(hi-1—qihi), kiv1=(ki-1—qik;)
satisfy h;r1a+k;+1b =rii1. After finitely many steps in this way the desired ex-
pression for a ged is obtained.
A different way to keep track of this ‘bookkeeping’ is as follows. Put

r-i:=a, ro:=b.

Now observe that the equation r;_; = q;r; +r;+1 is equivalent with

Lo )

Considering the second coordinate of the vector

g B S [ G B A 1

one finds r, s such that ged(a,b)=r,-1 =ra +bs.

VI.2.4 Example. We use the algorithm described above to find gcd(84,30) in the
euclidean ring Z (so g(n) = |n|), and write the result as a combination 84r + 30s.
Note

84=2-30+24, 30=1-24+6, 24=4-6+0,

so (84, 30) =(30, 24) = (24, 6) = (6) and gcd(84, 30) = 6. Moreover
24=84-2-30, 30-1-24=6 = 30-1-(84-2-30)=(-1)-84+3-30=6,

hence r = -1 and s = 3 work. _m
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VI1.2.5 Example. The Euclidean algorithm can be used to compute the inverse of a
unit in the ring R/(a). We illustrate this in an example, see also|VI1.2.10
Let R = Q[X] (a Euclidean ring), and

F=Xx2+X%2-1 € QIX).

Then f is irreducible since it has no zero in Z and therefore not in Q (compare
Section [V.5). Put
K:=QIXIUf), a:=X+().

Using Theorem [V.2.4)and Theorem[IV.2.3|K is a field. Moreover by Theorem [[II.3.4
every element of K can be written in a unique way as

ap+aia+asa’®, a; €Q.
We determine the inverse of
b@)=1+a>, for b=X%2+1 (eQ[X).

Since Q[X1]1is a principal ideal domain and f is irreducible with deg(f) > deg(d),
we have ged(f,b) = 1. Hence r, s € Q[X] exist with

fresb=1 (€Q[X]), so s(a)a®+1)=1 (€K =QIXI),

using f(a) = 0. So s(a) is the inverse of b(a) = a® + 1.
As Q[X] is a Euclidean ring (with g(-) = deg(-)), we can find s using the Eu-
clidean algorithm, as follows. We have

X2+X2-1=X+DX%+1D+(-X-2), so qo=X+1, ri=—(X+2).
Furthermore
X2+1=(-X+2)(-X-2)+5, hence q1=—-X+2, rg=5.

Since 5 is a unit in Q[X], indeed ged(f, b) = 1.
These equalities can be rewritten as

-X-2=f-X+1)b, 5=b+(X-2)(-X-2).
Substituting the first into the second yields
5=b+X-2)(f-X+1Db)=X-2)f +(1 - (X -2)(X +1))b.
So one obtains
. 1 1 9
rf+sb=1 with r:E(X—Z), s=5(3+X—X ).

Substituting a for X we see that

1
@+1)7 1= 5(3 +a-ad).

VI.3 Sums of squares

In this section we answer the question, which integers can be written as a sum
of two squares. For this we use the theory of unique factorization domains and
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a result concerning finite subgroups of the group of units of a domain, see Corol-
lary |[I11.5.4] Moreover for actually computing a representation as a sum of two
squares, the Euclidean algorithm can play a role.

Writing n € Z as a sum of two squares, n = a® + b2 with a, b € Z, can be considered
as factoring n in the ring Z[i]:

n=a?+b2 < n=(a+bi)a-bi.

In particular any factorization of n in Z[i] into two complex conjugate factors
n = a-a yields a a representation of n as a sum of two squares (one of the squares
could be 0).

VI1.3.1 Definition. The ring Z[i] is called the ring of Gaussian integers.

We saw in Theorem that Z[i] is Euclidean, hence in particular it is a prin-
cipal ideal domain and therefore also a unique factorization domain. As a conse-
quence, every n € Zsq has in Z[i] an (essentially unique) factorization as a product
of a unit and a finite number of irreducible elements of Z[i].

VI1.3.2 Example. Observe that 5 is irreducible in Z, however in Z[i]
5=12+22 = (1+2i)(1-2i)
and neither of 1+ 2i, 1 -2 is a unit. So 5 is not irreducible in Z[:]. _

All a’s in Z[i] such that aa@ = n can be found once we know the factorization of
n into irreducible elements of Z[i]: since a divides n, its irreducible factors form a
subset of those of n.

Let
n=pi'...p}, n;€Zso
and the p; pairwise distinct prime numbers. If we know how to write each p; as a

product of irreducible elements in Z[:], then the factorization of n into irreducible
elements of Z[i] is obtained.

VI1.3.3 Theorem. 1. The units of Zlil are ZI[i1* ={1, i, -1, —i}.

2. One has 2 =(—i)(1+i)? with —i € Z[i]* and (1+ i) irreducible in ZIi].
3. If g€ Z is prime and q =3 mod 4 then q is irreducible in Z[i].

4. If peZis prime and p =1 mod 4 then

p=7n-T, and 7w#um

for any u € Z[i1*. Both © and its complex conjugate 7 are irreducible in Z[i].
5. The irreducible elements mentioned in 2. and 3. and 4. above are, up to multi-
plication by units, the only irreducible elements of ZI[i].

Proof 1.) In[L.2.5|we saw a +bi € Z[i]* < N(a +bi):=a®+b% = 1, implying 1).
2.) Note that
N1+i)=12+12=2 and N(a)N(B)=N(ap).

Hence if aff =1+ then either N(a) =1 or N(f) = 1. As shown above, this means
that one of a, B is a unit. Hence 1+ is irreducible in Z[i].
3.) Suppose q = af with neither a nor § a unit. Then

N@NPB)=q%, N()>1, N(B)>1.
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Since q € Z is prime, this implies N(a) = N(B) = q. Write
a=a+bi, then N(a)=a?+b%=q.

If @ and b are both even then a® + b2 = 0 mod 4 contradicting g = 3 mod 4. If a and
b are both odd, then writing

a=2k+1 one finds a?=4k%+4k+1=1mod 4.

Hence in this case a? + b2 = 2 mod 4, contradicting the assumption on ¢. In the
remaining case one of a, b is even and the other one is odd. Then a2+ 52 =1 mod 4,
again a contradiction. Hence no a € Z[i] exists with N(a) = ¢ and therefore g is
irreducible.

4.) If p is any prime number, the ring Z/pZ =IF,, is a domain (even a field), hence
by CorollaryFIX, is a cyclic group of order p — 1. Let g be a generator of this
group. If our prime p =1 mod 4, then (p — 1)/4 is a positive integer, hence

x=gP V" (eFy)
is well-defined. The order of x equals 4, so x? = —1. As a consequence the map
¢:2i1—TF,,  a+bi—a+bx

is a (surjective) ring homomorphism. By Theorem ZIi] is a principal ideal
domain, hence 7 € Z[i] exists with

() := nZli] = ker(¢), in particular Z[i1/(n) = F),.

Clearly p € ker(¢), so p = nf for some S € Z[i]l. Then N(p) = p% = N(n)N(p).
Here N(n) # 1 since otherwise 7 would be a unit and (7) = Z[i], contradicting
Zi(m) =Fp. If N() = p? then N(B) = 1 hence B is a unit and (7) = () = (p).
This is impossible since Z[i/(p) is a ring consisting of p? elements (the classes
of a+bi fora,b€{0,1,...,p—1}) whereas Z[i]/(n) = F, contains only p elements.
We conclude N(rr) = p. Observe that p = N(x) = a7 (hence = 7), which yields a
factorization of p.

The irreducibility of 7 (and of 7) follows from the remark that 7 = @y implies
that N(m) = p = N(a)N(y), so N(a@) =1 or N(y) =1 showing that one of a,y is a unit.

We finish by showing that no unit u exists with 7 = uzw. Write 7 = a + bi and
recall N() = p = a® + b2. Suppose

a+bi=ula-bi) with weZ[i]* ={1,i, -1, -i}.

If u = +1 this yields @ = 0 or b = 0, contradicting p = a®+ b%. If u = +i then a = +b,
contradicting the assumption that p = a2 + b2 =1 mod 4.

5.) If a € Z[i] is irreducible then n := a - @ € Z~1. Factoring n in Z we see that « is
a divisor in Z[i] of some prime factor p|n. The irreducible factors of this p are as
described in 2., 3., or 4.

This proves Theorem |

VI.3.4 Remark. The hardest part of the reasoning above is probably the factoriza-
tion of a prime p = 1 mod 4 in Z[i]. This can also be shown by more elementary
means. In particular the use of Corollary can be avoided. For a quite short
and elementary argument, see D. Zagier: A one-sentence proof that every prime
= 1 mod 4 is a sum of two squares, The American Mathematical Monthly, Vol. 97
(1990), p. 144.
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VI1.3.5 Remark. Here is a somewhat more constructive proof for the existence of a
representation p = a? + b2 whenever p = 1 mod 4 is prime. First, consider

(p—-1D!mod p=(1-2-3-...-(p—1)) mod p.
This is the product of all elements of F ;. With any factor x in this product, also the

inverse ¥ ! is a factor. One has

r=x lox=1ox=+1

Conclusion:
(p—1!'=-1mod p,

as is seen by grouping together all pairs %, % ! with ¥ # +1. This result is named
after the English mathematician John Wilson (1741-1793), although it was also

stated much earlier by the Arab scientist Alhazen (Ibn al-Haytham, ~965-~1040 A.D.).

If one subtracts p from each of the last (p—1)/2 factors (p+1)/2,...,(p—1), observing
that (p — j)— p = —j and that (p — 1)/2 is even in our case, one obtains

(;%1)!2 =-1mod p,

hence x := (1%1)! mod p € F}; satisfies x* = —1.
Given x € F,, with x? = -1, take n € Z with |n| < p/2 and n mod p = +x. The map
¢ : ZIi] — I, used in the proof of Theorem may be written as

a+bi—¢la+bi)=a+bn.

The kernel of this map consists, by definition, of all a + bi € Z[i] with p|(a +bn). In
other words,
ker(¢p) ={a +bi : Im € Z such that a +bn = mp}.

Writing a = mp — bn this shows that
ker(¢p) ={mp—-bn+bi : m,b e}

hence this kernel is generated by the two elements p and n —i. Since it is an ideal
in Z[i], one concludes ker(¢) = (p,n —1).

Now the Euclidean algorithm (Section applied to p,n —i € Z[i] (and the
norm N as function g) finds 7 € Z[i] with (x) = (p,n —i). Here p € () implies N (i)
divides N(p) = p? and n —i € (1) implies that N () divides N(n —i) = n? +1 < pZ.
As a result, N(7) € {1, p} and since N () = 1 would mean ker(¢) = Z[i] which is not
the case, one concludes N () = p. This finishes the more constructive approach to
writing such a prime p as a sum of two squares. It should be evident that the most
time consuming step here is finding x € F,, with 22 = —1. An efficient method (in
practice) for this is given by the so-called Tonelli-Shanks algorithm.

VI1.3.6 Example. Using the method described in Remark|[VI.3.5|we write the prime
number p = 7933 as a sum of two squares. It turns out that n = 2950 satisfies
n? = -1 mod p. Hence it remains to find ged(7933,2950 — i) using the Euclidean
algorithm in Z[i]. Now 7933/(2950 — i) = 2.69, and

7933 =3-(2950-1)—-917 + 3i.
Next, (2950 — i)/(-917 + 3i) = —3.22, and
2950 —i=-3-(-917+3i)+ 199 + 8i.
One more division with remainder: (=917 + 31)/(199 + 8i) = —4.60 + 0.20i, leading to

-917+3i=-5-(199 + 81) + 78 + 43i.
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Now 199+ 8i =(2—-1)-(78 + 43i), hence gecd(7933,2950 — i) = 78 + 43i and indeed

7933 = 782 + 432.

VI1.3.7 Corollary. Suppose n € Z~o has prime factorization
n=2kp'1“...pfrq'1"1...qu, nj,mj€”Zsg
with pj, q; pairwise distinct primes and p; =1mod4 and q; = 3mod4.

Then n can be written as a sum of two squares precisely when:

m; =0 mod2, forall je{l,...s}.

Proof. Observe that n can be written as a sum of two squares:
n=a“+b"=(a+bi)a—-bi)=aa

precisely when some «a € Z[i] exists with aa = n.
Using Theorem the prime factorization of n in Z[i], where we ignore the
factorization of 2%, is given by

n=2R@ T (IR g
In case n = aa then the prime factorization of « is of the form
a=u@+) @7 .7 . g,
for a unit u. Hence (note that uaz = 1):

_ = _ ol ai+d ar+b, _2c 2c
n=aa=2p""t.py T s

Since the prime factorization (here, of n) in Z[i] is unique,
m;=2cj, so mj=0mod2 V.

Vice versa, suppose all m; are even. We construct a € Z[i] with aa = n as
follows. Put )
_m

cji= 2 l:=k.

Next, take
ajE{O,l,...,nj} and bj:znj—aj,

so b; is determined by the choice of a;. For u we take any of the 4 units in Z[i].
This determines an a with the required properties.

We note that in this way one finds 4-[];_,(n; +1) possible a’s, which is exactly
the number of elements in the set

{(a,b)€Z? : a®+b%=n}.
This shows [VL3.7 u

VL.3.8 Remark. The result of Corollary is usually attributed to Fermat,
who stated it in a letter dated December 25th, 1640 he sent to the French priest
Marin Mersenne. However, somewhat earlier the French-born mathematician and
Albert Girard (1595-1632) who worked as an engineer in the army of the Dutch
stadtholder Frederik Hendrik prince of Orange, edited and translated the works
of Simon Stevin. In Chapter 5 of the first Volume (on Arithmetic), page 622 of the
1625 edition and page 156 of the edition published in 1634, one finds:
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Ars. Grr. Deserminaifon d'un nombre qui f¢ peus
drvifer en dewx: quarre entiers,

I. Tournombre quasté.
11. Tout nombre premier qui excede un nombre
quatetnaire de l'unite.
111. Le produi&t de cenx qui font cels.
IV. Er te doubled'un chafcun d'iceux.
Laquelle determinaifon n'eftant faiéte n'y de I'Au-

theur n'y des interpreres, fervira tant en la prefence &
fuivante commeen plufieurs autres.

So this presents, 15 years before Fermat’s letter, the correct description of all nat-
ural numbers which are sums of two squares:

I The squares;
II The prime numbers p =1 mod 4;
IIT The products of numbers from I and II;
IV Twice any number from I, II, or III.

A complete proof of the assertions by Girard and Fermat came much later, pre-
sented by Euler and published in two consecutive issues of the journal Novi com-
mentarii Academiae Scientiarum Imperialis Petropolitanae between 1752 and 1755.

VI1.3.9 Example. Take n = 41, which is a prime congruent to 1 modulo 4 hence a
sum of two squares. We have

41=16+25=(4+5i)(4-5i)=nT,

with 7 =4 + 57 and 7 irreducible in Z[i].
For n =45 one finds

45=5-3% = (1+2i)(1 - 2i)32
with 1+2i and 3 irreducible in Z[i]. Taking
a=(1+2i)3=3+6i  oneobtains 45=aa=3%+62.

Let n =65 =5-13. As 5 =(1+2i)(1-2i) and 13 = (2 + 3i)(2 — 3i), the prime
factorization of 65 in Z[i] is

65 =mm1meTa, with 71=1+2i, 7m9=2+3i.

Taking
a=Tm1me one finds a=-4+7; and 65=(-4)%+72

Taking
a =717y onehas a=8+i and 65=82+12.

These are, up to signs and permutations of a, b, the only two representations of 65
as a sum of two squares. ==
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VI.4 Exercises

1. Lety= %(1+\/—19) and R =Z[yl={a + by :a,b € Z}c C. Define

N:R — 7>, N(a+b)/):=a2+ab+5b2.

(a) Show that y? =y —5 and that R is a subring of C.
(b) Show that N(af)=N(a)N(p) for all a,€R.
(c) Let a € R. Prove that

a€R” < N(a)=1< ace{+1},

hence R* ={1,-1}.

(d) Prove that no surjective ring homomorphisms
9:R—TFy or ¢:R—T3g

exist (hint: use Y2 =y — 5 and use this to limit the possibilities for ¢(y) ).

. Take R =Zl[y] as in the previous exercise. Suppose that g: R — {0} — Z( satis-

fies the condition stated in Definition [VI.1.1] and choose b € R —{0,1,—1} with
2(b) as small as possible.

(a) Show that b is not a unit and that
VaeR: Iref{0,1,-1}: a=rmodRb.
(b) Prove that R/Rb ={0,1,~1}, with 7 = ( + Rb). Conclude that R/Rb =y or
R/Rb=Tsg.
(c) Using Exercise[l|(d) above, deduce a contradiction.

The conclusion of this problem: g as above does not exist, hence R is not Eu-
clidean.

. Let R and N be as in Exercise[I]above. For a,b € R, b # 0 we say that division

with remainder is possible for the pair (a,b) if q,r € R exist with
a=qb+r and N(r)<N(b).

(a) Suppose that (a,b) € R x R with b # 0, and that division with remainder is
not possible for this pair. Prove that in this case division with remainder
is possible for (2a,b), as well as for one of the pairs (ya,b), (1 -7)a,b).
(Hint: draw a picture).

(b) Show that R2+ Ry =R and also R2+R(1-y)=R.

(c) Prove that R is a principal ideal domain (imitate the proof of Theorem|[VI.1.4]
but use (a) instead of the condition from Definition [VI.1.1).

. Calculate ged(4+7i,7—9i) in Z[i] and write 4+ 7i and 7-9i in Z[i] as a product

of irreducible factors.

. Let p = 18313, which is a prime number. It turns out that n := 6731 € Z satisfies

n? = -1 mod p. Use this to write p as a sum of two squares (you will probably
want to use a calculator for this).

. Suppose n = a® +b2. Find p,q in terms of @ and b such that 2n = p2 + ¢2.

2 2

Similarly, find r,s with 5n = r* + s=.

. Prove that for m € {-2,2,3} the ring Z[/m] is Euclidean, using g(a) = |[N(a)|

(the norm).
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8. Prove that for m € {-11,-7,-3,5,13} the ring Z[%(l + v/m)]is Euclidean, using

m-—1

1
g(a+§(1+\/E)b)=|a2+ab— b2.

(Hint: first check that g(x + yv/m) = |(x + yv/m)(x — y/m)| for x, y € Q.)
9. Pt R={a/beQ:a,beZ,bodd}, which is a subring of Q.

(a) Describe R*.

(b) Show that every x € R, x # 0 can be written in a unique way as x = 2% - u
with k€Z-¢pandueR>.

(¢) Show that the function
g:R—-{0)—7Zs, gl)=k if x=2"u

as in (b), makes R a Euclidean ring.

(d) Show that up to multiplication by units 2 is the only irreducible element
of R. Is 2R a prime ideal of R?
10. The ring R[[X]] of formal power series over a ring R consists of all expressions
[e.e] .
Y a; X" with a; € R. The addition and multiplication are the familiar ones for

i=0
power series.

(a) Suppose R is unitary and let f = § a; X' € RI[X]]. Prove:
i=0

feRIX]] < ageR”.

(b) Suppose that R is a field. Define
g RIX1I-1{0} — Zxo

by

g a;X") = min{i: a; #0}.
i=0

Prove that this function makes R[[X]] a Euclidean ring.

11. Let R be a principal ideal domain and consider a, b € R with prime factoriza-
tions
a=upi'...p;", b=vpi"...py", ni,mi€Zsg.

Define d € R as in Definition [V.4.5¢

d:=p}i1...p}:’, with k;:= min{n;, m;}.

Prove that (a, b) = (d) (hint: examine the proof of Theorem [V.3.5).

90

VI EUCLIDEAN RINGS AND THE GAUSSIAN INTEGERS



VI

FIELDS

VII.1 _Prime fields and characteristic

VII.1.1 Definition. Let K be a field. A subset K' c K is called a subfield if the next
three conditions hold:

e 1eK',
¢ a,bcK = a-bekK/,
e 0,beK b#0 = ableK'

In other words, a subset K’ € K of a field K is a subfield if by restricting the
operations defined on K to K’ it is itself a field. One easily verifies that the inter-
section of any collection of subfields of K is again a subfield.

VIIL.1.2 Definition. The intersection of all subfields of a field K is called the prime
field Ko of K, so
Ky := ﬂ K’
K'cK

where the intersection is taken over all subfields K’ € K.

By construction the prime field is the smallest (with respect to the inclusion)
subfield of K. Note that 0,1 € K are in the prime field K.

VIIL.1.3 Theorem. Let K be a field. The prime field of K is isomorphic to

either the field Q of rational numbers,
ora field F, = Z/pZ, with p a prime number.

Proof. Let Ky denote the prime field of K. Define

x:7Z — Ky
by
x(n) = 1+1+...+1€Kj (n terms)
x(0) = 0eKj
k(-n) = —-(1+1+...+1)eK) (n terms)

where n € Z~¢ and the 1 in the right hand side is 1 € K. Then « is a ring homomor-
phism. One has x(Z) < K since Ky is a field and 1 € K.

Since K is a field x(Z) < K¢ has no zero divisors. Moreover «(Z) contains 1 # 0,
hence x(Z) is a domain. By Theorem x(Z) = Z/Ker(x), so Ker(x) is a prime
ideal of Z. We conclude Ker(x) = {0} or Ker(x) = pZ for some prime number p.
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First, assume Ker(x) = 0. In this case « is injective and x(Z) = Z. We extend x
to a map

k1:Q—Ko, «x1(a/b):=«x(@)-x(®)™, (a,beZ, b#0).

This map is well defined and one easily verifies that x; : Q — K¢ is a ring homo-
morphism. Since {0} and QQ are the only ideals of Q it follows that k1 is injective.
Its image x1(Q) is therefore a subfield of Ky. As K is the smallest subfield of K,
one concludes Ko = x1(Q) = Q.

The remaining case is that Ker(x) = pZ for p prime. Then «(Z) = Z/pZ, which
by Theorem is a field. So x(Z) is a subfield of Ky, which as above implies
x(Z) = Ko. Hence Ky =«(Z) = Z/pZ. [ |

VIIL.1.4 Definition. Let K be a field with prime field K.
If Ko =Q we say that K has characteristic zero, notation: char(K) = 0.
If Ko =T, we say that K has characteristic p, notation: char(K) = p.

We see that in all cases char(K) is the non-negative generator of the ideal
Ker(x) c Z, with x : Z — K the unique ring homomorphism such that x(1) = 1.

VII.2 Algebraic and transcendental

VII.2.1 Definition. If L is a field and K c L is a subfield, then L is called an
extension field or field extension of K.

If L © K is an extension field of a field K and « € L, then we have the evaluation
homomorphism (see Theorem [II1.2.1)

eve :KIX1—L, f~— f(a).

The kernel of evy is an ideal in K[X], and therefore by Theorem itis a
principal ideal. We have either Ker(ev,) = (0) (equivalently, ev, is injective) or
Ker(ev,) = (f) for some unique monic f € K[X].

VIL.2.2 Definition. Given an extension of fields K € L and a € L, one says that a is
transcendental over K if the evaluation homomorphism ev, : K[X] — L is injective.

We say that a is algebraic over K if a nonzero [ € K[X] exists with f(a)=0. In
this case, the unique monic generator of the ideal Ker(ev,) is called the minimal
polynomial of a over K. This minimal polynomial is denoted f%.

If a is in an extension L of the field K, then
Klal:=ev (K[X]) = K[X]/Ker(evy)

is a subring # (0) of the field L. Hence K[a] is a domain. In case «a is transcendental
over K then ev, is injective hence K[X]= K[a] < L. In case « is algebraic over K
we have K[XV/(fg) = Klalc L. Since K[a] is a domain, Theorems and
and show in this case that f € K[X] is irreducible and that K[a] is a field.
Note that for g € K[X] we have

if g(@)=0 then geKer(evy)=(fg) = g=qfg for some q € K[X].

Regardless of a being algebraic or transcendental over K, the ring K[a] is a
domain. This leads to the following.
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VII.2.3 Notation. Let a be an element of an extension L of the field K. Then K(a)
denotes the subfield of L given by

K(a):= {x-y71 €eL: x,yeKlal, y#0}.
In fact this is isomorphic to the field of fractions (see of the domain K[a].

VII1.2.4 Definition. A field extension L of K is called simple if an a € L exists with
L =K(a).

We summarize the above in the next result.

VIL.2.5 Theorem. Let L be an extension of a field K and a € L algebraic over K.
Then the minimal polynomial fy of a over K is irreducible in K[X].
Moreover Kla]l = KIX/(fg) and Klal is a field, indeed

K(a)=Klal.

Proof. By the first isomorphism theorem evy : K[X] — Klal c L yields an
isomorphism K[X]/Ker(evy) = K[a]. Since L is a field, K[a] is a domain hence
Ker(ev,y) = () is a prime ideal in K[X]. Now K[X]1is a principal ideal domain so by
Theorem fg is irreducible. The same theorem implies that (fz) is a maximal
ideal, hence K[a] is a field. Since K(«) is the smallest subfield of L containing K[al],
one concludes K(a) = K[al. |

VIL.2.6 Example. Take d € Q such that a := Vd ¢ Q. Then f6 =X2-d. This
polynomial is irreducible since it has degree 2 and (by the choice of d) it has no
zero in Q. Moreover

Q[a]=@[\/a]={a+b\/E€(C: a,be@}.

We show that Q[v/d]is indeed a field by presenting the inverse of x = a+bv/d #0.
Define

¥:=a-bVd and N(x)=xx=(a+bVd)Na-bVd)=a®-b%d (cQ).

Since d € Q is not a square and x # 0, it follows that N(x) # 0 (check for yourself?).
Hence

4. % _ _a b
* " N(x) a2-b2d a2—b2d\/g € QIVd].

— .

Note that in case a is transcendental over K, then K(a) = K(X), the field of
rational functions in the variable X and coefficients in K. Moreover K[a] = K[X].
In particular a~! ¢ K[a] and K(a) 2 Klal.

On the other hand, if « is algebraic over K then K[a] = K(«a) hence a~! € K[a]
whenever a # 0.

VIL.2.7 Remark. We note that the difference transcendental/algebraic in this sec-
tion is analogous to the difference characteristic zero/characteristic p > 0 in[VIL.1.4]
In this analogy the evaluation homomorphism

evy K[X]—Kla], evyX):=a
corresponds to the ring homomorphism
k:Z—K, x(1):=1

used in the proof of [VIL.1.3] Also, f¢ corresponds to p.
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VIL.2.8 Example. Taking L = K(X) and a = X € K(X) we obtain an easy example
of a simple extension L of K with a transcendental a.

Much less evident is the existence of numbers in R or in C which are transcen-
dental over Q. Such numbers are called transcendental numbers (without men-
tioning any fields). So a transcendental number is not a zero of any polynomial
(# 0) with coefficients in Q. By a counting argument (see Exercise [2| on page [100)
one can show the existence of transcendental numbers. The first person who found
an explicit one was Liouville (Joseph Liouville, French mathematician, 1809-1882):
he showed that 220:1 107*! is transcendental. In 1933 the English statistician and
economist D.G. Champernowne (1912-2000) while he was still an undergraduate
student published a paper showing that 0,12345678910111213... is normal (which
means that each of the digits 0,1,...,9 occurs “in the limit” equally often, and
similarly for each pair 01,02, ...,98,99 et cetera). In 1937 Kurt Mahler (Jewish-
German and later Australian mathematician, 1903-1988) who worked in Gronin-
gen between 1934 and 1936 published the result that in fact Champernowne’s
constant is transcendental. In 1873 Hermite (Charles Hermite, French mathe-
matician, 1822-1901) showed that e = }.>° | % is transcendental, and in 1882 Lin-
demann (Carl Louis Ferdinand von Lindemann, German mathematician) did the
same for 7 = 3.14159---. For more about this, see for example the textbook I. Stew-
art, Galois Theory, Chapter 6. _ =

VIL.2.9 Example. The complex number i € C is algebraic over R, with f]lik =X2%+1.
It is even algebraic over Q with fé =X2+1. Ifa € R is transcendental then ia € C

is algebraic over R, with ff&“ = X2 + a2. However ia is not algebraic over Q (why?).
For any a € L one has f}' = X — . The minimal polynomial of a over a subfield
K ofL will in general depend on the choice of K.
For all £,n € Z-( the number a = V% € R is algebraic over Q since it is a zero of
X" —k € Q[X]. The complex numbers

93 2 k 2 k
eznk ::cos—n +isin—n (keZ)
n n

are also algebraic over QQ: they are zero’s of X" — 1. These latter numbers are called
roots of unity.

The problem of finding the minimal polynomial of an algebraic a over a given
field K will be addressed in Section [VIL.4l -

VII.2.10 Example. Let a € C = L be a zero of f = X3+ X2 —1. Then a is algebraic
over Q = K (since f € Ker(evy)). The polynomial f is irreducible in Q[X] since
deg(f) =3 and f has no zero in Z and therefore not in Q (see. Hence fé =f
and Q[a] = QIX/(f) is a field. We present a method for finding the inverse of
a € Q[a] with a # 0. (A different method which uses the Euclidean algorithm is
given in .

From Theorem we know that every a € Q[a] an be written in a unique
way as

2

a=apg+aja+asa with ag,a1a2€Q.

To determine the inverse we have to solve the equation

ax=1 ie., (ap +a1a+a2a2)(x0+x1a+x2a2):1

for x; € Q. Since 1, a, a® are linearly independent over QQ (as follows from the

unicity of the presentation a = ag +a1a +aga?) and

a3=—a2+1, a4=a‘a3=—a3+a=a2+a—1,
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we need to solve (for given a;) the system

apxo+ asx1+ (@a1—ag)xs =1
aixo+ aogx1+ asxe =0
agxo+ (a1—ag)ri+ (ap—ai+az)xe =0

In matrix notation this can be written as

ag as ai—as X0 1
al ago ag X1 = 0 .
as ai—az apg—ai+asz X9 0

The problem is therefore solved if we invert the 3 x 3 matrix M given here.
In the special case

a=1+a? so (ap,a1,a2)=(1,0,1),

the inverse is easily found using Gauss-elimination: in this case

1 1 -1 (3 -1 2
M=o 1 1 and M 1= 1 3 -1|.
1 -1 2 5l 21 2 1

Now M~1(1,0,0) = %(3, 1,-1) and therefore

a=1+a’> = a =3+

VII.3  Finite and algebraic extensions

Suppose L is an extension of a field K. Then L can be considered as a vector space
over K. This means that one considers elements of K as scalars (with the usual
properties of a field), and the elements of L are considered as vectors (forming an
additive group). Vectors are multiplied by scalars using that K is a subfield of L.

In this way (for example) the complex numbers are considered as vectors over
R. Using the real and imaginary part of a complex number there is even an iso-
morphism of vector spaces over R: C=R2,

VIL.3.1 Definition. Let L be an extension of a field K. We say that L is finite over
K if the dimension of L considered as a vector space over K is finite.
The degree of L over K, notation: [L : K], is the dimension of L considered as
K-vector space:
[L:K]:=dimg(L).

We call L algebraic over K if every a € L is algebraic over K (see|VII.2.2).

VIL.3.2 Example. [C:R]=2 and [Q(V2):Q]=3. Namely, the minimal polyno-
mial of V/2 over Q is X3 —2. Therefore Q(v/2) = QX 1/(X? - 2) and Theorem
implies that this is a vector space of dimension 3 over Q. See Theorem
below for a generalisation of this argument. Since every finite dimensional vector
space over Q is countable (if S and T are both countable, so is S x T') we conclude
that R is not finite over Q. ==
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VIL.3.3 Theorem. Let L be an extension of a field K and a € L. Then
a is algebraic over K < K(a) is finite over K.
Moreover if « is algebraic over K then
n:=[K@):Kl=deg(f?) and 1,a,a?...,a"!
is a K-basis of the vector space K(a) over K.

Proof.  <: Suppose [K(a) : K]=n <oo. Since every (n + 1)-tuple of vectors in an
n-dimensional vector space is linearly dependent, a linear relation

ao-l+ai-a+...+a,-a"=0

with ag,a1,...,a, € K not all zero exists between 1,a,a?,...,a" € K(a). Hence « is
a zero of the polynomial ag+a1X +...+a, X" € K[X], so « is algebraic over K.
=: Take a algebraic over K. By Theorem K(a) = Klal = KIXW(fg). Next,
using Theorem every element of the latter ring is represented uniquely as
ag+a1 X +...+a,1 X" 1 +(fg) with a; € K and n := deg(fg). Hence the classes of
1,X,...,X" 1 are a basis of the linear space K[X]/(fl‘g) over K.

The isomorphism K[X1/(f%) = K[a] induced by ev, sends X+ (fg) to a' and it
is K-linear. Hence n = deg(f) = dimg(K[X/(fg)) = dimg(K[al) and lLa,...,a"!
is a K-basis of K[a] = K(a). This shows [ |

VIL.3.4 Theorem. If L o K is a finite extension of fields then L is algebraic over K.

Proof Take a € L. Since L is finite over K and K(a) < L is a K-linear subspace,
K(a) is finite over K as well. Then implies that a is algebraic over K. As
a € L is taken arbitrarily one concludes that L is algebraic over K. This proves

VIL3.4 |

[VIL.3:3] and [VIL.3.4] imply immediately: if a is algebraic over K then K(a) is al-
gebraic over K, so every f € K(a) is algebraic over K. At the end of this chapter
we will indicate how one may find the minimal polynomial of such f over K, see
As Exercise[9]on page will show, the converse of does not hold in
general: there exist fields K which admit an algebraic extension that is not finite
over K.

VIL.3.5 Theorem. Let K be a field and L an extension of K and M an extension of
L (so K<L<M). Then

M is finite over K <= M is finite over L and L is finite over K.
Moreover if M is finite over K then
[M:K]l=[M:L]-[L:K].

Proof. =: Suppose that M is finite over K. Since L is a K-linear subspace of the
K-vector space M, one concludes that L is finite over K. Take a1,...,a, € M which
span the vector space M over K. Every x € M can be expressed as Y.7_; a;a; with
a; € K. Then also a; € L hence over L the vector space M is spanned by a1,...,an,
and therefore [M : L] < n which shows that M is finite over L.

<: Suppose that [M : L]1=n and [L : K] = m. Choose bases a1,a®2,...,a, of L over
K and f1,Ps,...,Bn of M over L. We claim that {a;;:1<i<m,1<j<n}isabasis
of M over K.

96

VIl FIELDS



Indeed, every x € M can be written as

n

x=) yiB; withyi,...,y, €L.
Jj=1
As aq,...,a5, is a basis of L over K, every y; can be written as
m
yj=Zaijai witha;;€e K (1<i=m,l<j<n).
i=1

We find
X = Z a,-jaiﬁj.
l<ism,l<j<n
This shows that any x € M is a K-linear combination of the a;f;’s, as asserted by
the claim.
It remains to show that {a;f;:1<i<m,1<j<n}is abasis of M over K. For
this we must verify that they are linearly independent. Suppose

Z cija;f;=0, withc;;eK.
l<ism,l<j<n

Then

m
cija;)fi=0 with ZcijaiEL.
i=1 i=1

(

INagE

-

The §,’s are linearly independent over L, hence

m
Z cija; =0
i=1
for j=1,2,...,n. As the a;’s are linearly independent over K, one concludes
c;j=0

for all i and j. So indeed the «; ;s are linearly independent over K.
This implies that dimg (M) = mn < oo and

[M:Kl=m-n=[L:K]-[M:L].
The proof of [VI1.3.5|is now complete. |

VIL.3.6 Notation. If L is an extension of a field K and a1, a9,...,a, € L, then one
defines inductively

K(alyaZy- o C(n) = K(alaa27' .. ,an—l)(an)-

VIL.3.7 Corollary. Let L be an extension of a field K and suppose a1,as,...,a, €L
are algebraic over K. Then K(a1,aq,...,a,) is finite over K.

Proof. Use induction with respect to n. For n = 1 one applies Theorem If
n > 1 then put K’ = K(a1,as,...,a,_1). The induction hypothesis implies that K’
is finite over K. As a,, is algebraic over K, it is certainly algebraic over K'. Hence
K'(a,) is finite over K'. Theorem (with L = K',M = K'(a;,)) now implies
that K'(a,) = K(aq,as,...,a,) is finite over K, as desired. This shows [ |
VIL.3.8 Theorem. Let L be an extension of a field K, then

(i) if a,B €L are algebraic over K then also
a+ﬁ’ a_ﬁ’ aﬁ’ a/ﬁ (ﬁ7£0)

are algebraic over K.

VIIL.3 FINITE AND ALGEBRAIC EXTENSIONS 97



(ii) the set {a € L : a is algebraic over K} is a subfield of L containing K.

Proof. (i) By |[VIL3.7| K(a, ) is finite over K, hence algebraic (see [VII.3.4). Defi-
nition now implies that all elements of K(«, ), in particular a + 8, af,
and a/B (B #0) are algebraic over K.

(i) From (i) and the definition of a subfield it follows that the given set is a subfield
M of L. Clearly every a € K is algebraic over K, hence K < M. This finishes the

proof of]|
|

VII1.3.9 Definition. If L is an extension of a field K then the field
{aeL : ais algebraic over K}

discussed in Theorem [VII.3.8|(ii) is called the algebraic closure of K in L.

The final theorem of this section is the analog of [VII.3.5 with ‘finite’ replaced
by ‘algebraic’.

VIL.3.10 Theorem. If K < L < M are fields then

M is algebraic over K < M is algebraic over L and L is algebraic over K.

Proof. =: This is immediate from the definitions, as the reader should verify as an
exercise.

<: Suppose M is algebraic over L and L is algebraic over K. Let « € M. We must
show that a is algebraic over K. As M is algebraic over L, there are n € Z~o and
B1,PB2,...,Pn € L with

1

a’+pra" t + .+ Bu-1a+ B =0.

This shows that « is algebraic over the subfield K’ = K(f1, B2,...,,) of L, hence
K'(a) is finite over K'. Since L is algebraic over K, all §; are algebraic over K,

hence by [VIL.3.7| K’ = K(f1, B2,...,B,) is finite over K. Now applying [VII.3.5 to
K c K' < K'(a) shows that K'(«) is finite over K. Then by |[VIL.3.4|K'(«a) is algebraic
over K, and in particular « is algebraic over K, as desired. This shows[VIL.3.10, ®

VII.4 Determining a minimal polynomial

Suppose L is a finite extension of a field K and § € L. How can the minimal poly-
nomial flg be found? (Theorem m shows it exists.) We will illustrate three
methods for this in the special case K = Q,L = Q(v/2,v/3) (compare Exercise|11|on
page and B=1+v2+3.

1. The first method uses techniques from Linear Algebra. We choose a basis
of Q(v2,v3) over Q, for example 1,v2,v3,v2-v3 (see the proof of
and also Exercise on page [I00). Using this basis we express elements of
Q(v/2, v/3) as vectors: the vector (a, b, ¢,d) represents the element a+bv2+cv3+dv2-V/3.
Now write powers 5%, 1, 82,... of B as such vectors:

= 1 =(1,0,0,0)
= B =(1,1,1,0)

B = =(6,2,2,2)
B2 = =(16,14,12,6)
Bt = =(80,48,40,32).
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Continue until the vectors obtained in this way are linearly dependent. In the
present case this happens for the first time when f* is considered. Using tech-
niques for solving systems of linear equations one finds the linear relation

pt—4p3—4p%+16p-8=0.

Hence fé =X*-4X3-4X?+16X -8, since a relation of lower degree would
mean that the vectors corresponding to °, 8%, 8%, 8% were linearly dependent,
which they are not.
In finding out how many powers °, B, ... are necessary until the corresponding
vectors will be dependent, Exercise[12]on page [12]is useful.

2. The second method we now discuss relies on ideas from the field of ‘Galois the-
ory’. It argues that since fé@ =X? -2 has +/2 as zero’s and similarly f(gf’ has

zero’s +/3, it is natural to assume that fé“@“/g will have the four numbers

1+v/2+ /3 as zero’s. Computing the monic degree 4 polynomial
(X -(1+V2+V3) (X -(1+V2-V3)- (X -(1-V2+V3)- (X -(1-V2-V3))

one obtains
X*-4x%-4X%+16X -8

which has rational coefficients and by construction 1+v/2+ /3 as zero. To show
that this polynomial is indeed f(g it suffices to show that it is irreducible in
QIX].

3. The third method may be described as ‘skillful computing’: try to get rid of the
square roots appearing in § = 1+v/2+ /3. This may be done as follows:

B-1 = V2+V3, so
(B-1)? (V2+V3?=2+2v2-V/3+3
= 5+2V2-v3, so
(B-12-52 = (2v2-V3)?=24.

Rewriting this final relation shows again that § is a zero of
(X-1-5)2-24=X*-4X>-4X?+16X - 8.

To show that this polynomial is irreducible over Q it suffices to verify that the
minimal polynomial of § has degree 4 over Q. By this is the same as
showing [Q(B) : Q] = 4. Indeed: the computation above shows v2-v/3 € Q(f),
hence also (8 —1)v/2v/3 = 2v/3+3v2 € Q(B). Taking appropriate linear com-
binations of 2v/3+3v2 and -1 = v2 + v/3 one finds that v2,v/3 € Q(f), and
therefore all of Q(v/2,V/3) is contained in Q(B). Evidently Q(8) c Q(v/2,V/3) as
well, so Q(B) = Q(v2,V3). By Exercise 11| on page m this field has degree 4
over Q, as desired.
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VII.b Exercises

Show that every a € Q(v/2) is algebraic over Q is.

Prove that the set {d € C: « is algebraic over Q} is countable (hint: Q[X] is
countable and every f € Q[X], f # 0 has only finitely many zeros in C).
Conclude that complex (and even real) numbers exist that are transcendental
over Q.

Does a € R exist with Q(a) = R? (hint: consider cardinalities.)

4. Show that fé@ =X" -2 for every n € Z>1.

10.

11.

12.

13.

14.

15.

16.

Let a be algebraic over a field K and fg = ¥7_ja; X I of degree n.

Show: if ¢ #0 then ag #0 and a1 = ?:1 —aalaiai_l.

Determine f(éf and dimg Q(a) for each of the following a’s:

2-V3, V2+V4, V3+2v2, p7l, p+1 with p satisfying f2+36-3=0.
(a) Show that Q(v2)(V7T) = Q(vV2+ V7).
(b) Prove: dimg QW2+ V7) =4.

(c) Determine f(‘fﬂﬁ.

Take a € R with a® —a — 1 =0. Write each of the following elements in the form
a+ba+ca®witha,b,ce Q:

alO, a_lo, (@+a+ 1)2, (@+1)7 L

Take L = u5> ; Q( {/2). Prove that:
(a) L is a field (first show Q(¥/2)uQ( V2) c Q("¥/2));
(b) L is algebraic over Q;
(c) for every n € Z>1 the field L contains a subfield of degree n over Q;
(d) L is not finite over Q.

Show that if a, f in some extension of a field K are algebraic over K, then
[K(a,p):KI<[K(a):K]-[K(p):K].

(a) Show that no a,b € Q exist with (a + bv/2)? = 3, and conclude that X2 -3 is
irreducible in Q(v2)[X].
(b) Prove: [Q(v2,V/3): Q] =4.
Let L be a finite extension of a field K and a € L. Show that deg(f7) is a divisor
of [L:K].
Let f = X*-4X3 -4X%+16X — 8. Show that §-X*f(2/X) is an Eisenstein
polynomial in Z[X]. Conclude that f is irreducible in Q[X].
Let f=1+v2+3. Express v2, V3, and ! as Q-linear combinations of the
Q-basis 1, 8, B2, B2 of Q(B).
(a) Prove: Q(v2, V5)=Q(v2- V5)=Q(v2 + /5).
(b) Determine f& for @ =v/2-V/5 and for a = V2 + V/5.
(a) Verify that X° -1=(X -1DX*+X3+X2+X +1)=:(X - 1)®5 and that O3
is irreducible in Q[X] (hint: use evx .1 : Q[X]1— QI[X]).
(b) Let

M:=QIXUDs), (:=X+@5), B:=X+X*+(®5) eM, L:=Q[plcM.
Find a,b € Q with 2 =af + b and determine f(g.
(¢) Find [M:L] and f}.
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(d) Find an expression for cos %” containing only rational numbers and square

roots of rational numbers.
17. Let a € R, a® —a—1 = 0. For each of the following elements determine the
minimal polynomial over Q:

a-1, a+a+ 1, (a®+ 1)_1.

18. Let a be algebraic over a field K and suppose that [K(a) : K] is odd. Show that
K(a)=K(a?).

19. Let L be an extension of a field K and let «, 8 € L be algebraic over K. Suppose
that [K(a): K] and [K(p) : K] are coprime.
Prove: [K(a,p):K]1=[K(a):K]-[K(p):K].

20. Let L be an extension of a field K and let K be the algebraic closure of K in L
(see[VIL.3.9).

Prove: every a € L,a ¢ K is transcendental over Kj.
21. Let a be transcendental over a field K and € K(a), f ¢ K. Prove:

(a) a is algebraic over K(f) (hint: let 8 = f(a)/g(a) and consider the polyno-
mial f(X) - pg(X) e K(B)IXD.

(b) B is transcendental over K.
22. Let K be a field.

(a) (‘splitting fractions’). Prove that the following collection is a basis of K(X)
over K: _
{X":neZsodulX"-f™: f e KIX1},

with in the second set only irreducible monic f € K[X]and m € Z-(,0 < i < deg(f)}.

(b) Let a be transcendental over K. Prove that [K(a) : K] equals the cardinal-
ity of K in case K is infinite, and [K(«) : K] is countable infinite in case K
is finite.

23. Take K =F9o(X,Y) =Q(Fo[X,Y]), (the field of fractions of Fo[X,Y]).
(a) Let f =T?+X € K[T]. Prove that f is irreducible. Then consider

L :=KITI(f), t:=T+(f) €L.
(b) Put g =S2+Y €L[S]. Prove that g is irreducible. Next, take
M :=L[S1/(g), s:=S+(g) eM.

(c) Observe that K < L ¢ M and show that 1, ¢, s, st is a K-basis of M.

(d) Prove that every a € M, a ¢ K satisfies deg(fg) = 2. Conclude that the
extension M o K is not simple.

VIIL.5 EXERCISES
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VIl AUTOMORPHISMS OF FIELDS AND SPLITTING FIELDS

VIII.1  Homomorphisms of fields

Recall (see Definition that if K and L are fields then ¢ : K — L is called a
homomorphism of fields (also called ‘field homomorphism’) if ¢ is a unitary ring
homomorphism. In particular it satisfies ¢(1) = 1.
A homomorphism of fields has the property
1 1 a. @)
¢(a)—¢(a) , (p(b)_(p(b)’
since p(a)- Ppla™) = p(a-a™1) = ¢p(1) = 1 implies Ppla~1) = (Pp(a)) 1.
Using ¢(1+1+...+1)=1+1+...+1 it follows that the image of the prime field
Ky of K (see is the prime field L of L. Hence ¢ yields an isomorphism
from K to Lo. In case K c L then Ky = Lo and the restriction of ¢ to Ky is the
identity map.

The image ¢(K) of a field homomorphism ¢ : K — L is also a field. Every field
homomorphism is injective, since the only ideal in K are (0) and K and 1 ¢ Ker(¢).
A field homomorphism need not be surjective. For example the inclusion R — C is
not. Even if K = L a field homomorphism needs not be surjective, as illustrated by

Example

The composition of field homomorphisms
| RV

is also a field homomorphism, as one easily verifies.
An interesting and important field homomorphism exists in case char(X) = p:

VIIL.1.1 Theorem. Let K be a field such that char(K)=p > 0. Put
F:K—K, F:x—xP.

Then F is a field homomorphism called the Frobenius homomorphism.
In case K is finite F is even a field automorphism.

Proof. Note that F(1)=1 and F(ab) =(ab)? = a?b? = F(a)F(b) (since K is commu-
tative). It remains to show that F(a + b) = (a + b)? equals F(a) + F(b) =aP” + bP.
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Using Newton’s binomium (Exercise [15] on page [14), which holds in any com-
mutative ring, we have:

p!

D
P _ P\ kpp—Fk : Py _
(@+b)’ =) (7)a"bP™",  with (k)_k!(p—k)! €Z

k=0

The numerator of (z ) is divisible by p, and because 0 <k < p and p is prime, the
denominator is not divisible by p. Hence

(@+bP =a?+b" +p-c

for some ce K. As p=1+1+...+1 (px) and char(K) = p it follows that p =0€ K.
We conclude (a + b)? =a? +bP.

In case K is finite every injective map from K to itself (so for example F) is
surjective as well. Hence F is bijective. The fact that F~! is a field homomorphism
as well, is easily verified. This shows Theorem [VIII.1.1] ]

VIIL.1.2 Example. Let K = IF,(T) be the field of rational functions (= quotients of
polynomials) with coefficients in F,,. Put f(T) = £&=50/0 ¢ |7 (T), then

ag+a1T+...+a,T"

bo+b1T+...+b, T™
F(a0+a1T+...+anT”)
Fbog+b1T+...+b,,T™)
F(ag)+F(a)F(T)+...+F(a,)F(T")
F(by)+F(b)F(T)+...+F(b,,)F(T™)
ao+a1TP+...+a,T

pn
= = Tp .
bo+b1TP +...+ b, TP™ FT)

F(f(T) =

Here we used F(a) = a for all a € IF,,, the prime field of F,(T). The image of the
Frobenius homomorphism F' therefore consists of all rational functions in the vari-
able T? with coefficients in F,. In particular F is not surjective on F,(T), for
example T ¢ image(F') (verify for yourselfl). _

VIIIL.1.3 Definition. If L and L' are extensions of a field K then a K-homomor-
phism L — L' is a field homomorphism

¢:L—L"  suchthat ¢ =idk.

A K-isomorphism is a bijective K-homomorphism.

The fields L and L’ are called K-isomorphic (notation: L =g L’) if a K-isomorphism
L — L' exists.

A K-automorphism is a K-isomorphism with L = L'.

If the fields K and L have the same prime field K, then every field homomorphism
K — L is a Ky-homomorphism.

VIII.1.4 Definition. Given an extension L of a field K we write Autg(L) for the
group of all K-automorphisms of L. Here the group law is the composition of maps,
and the unit element is idy,.

VIIL.1.5 Theorem. Let L be a finite extension of the field K and a € L with minimal
polynomial fg € K[X].

(i) For every ¢ € Autg(L) we have that ¢(a) is a zero of fx.
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(i1) If m is the number of zeros of fy in the field Klal L, then #Autg(Klal) = m.
Here #S the number of elements of a set S.
(iii) The number of K-automorphisms of Kla] is < deg(fyg).

Proof. (i): Write fg = X"+a, 1X" .. +a1X+ag witha; € K. Applying ¢ € Autg(L)
to the equality 0 = fz(a) yields:

0 = ¢(a”+an_1a”_1+...a1a+ao)
G + Plan—1)Ppa)* L. plar)p(a) + Pplag)
= Pa) +an 1@ 1+ . +a1pa)+ap
= fgg(a)),

where we used ¢(a;) = a; (note a; € K and ¢k =idk). So ¢(a) is a zero of f.
(ii): Let {aq,...,am} <€ Kla] be the zeros of fl‘{r in K[a], with a1 = a. We claim that
the map

A: Autg(Klal) — {a1,a9,...,an}, A(P) := Pp(a)

is a bijection.

From (i) we know that A is well defined. We now show that A is injective. Every
x € K[a] can be given in a unique way as x =xo+x1a +... +x,_1a" ! with x; € K.
Then
Placo) + Pplx)P(a) + ...+ Plocp—1)p(a)" !

= xo+x1Pp(@)+... +x, 1)L,

P(x)

so ¢(x) is completely determined by ¢(a) = A(¢). Therefore, if A(¢p) = A(y), then
¢(x) =w(x) for all x € K[al, so ¢ =v.

In order to prove surjectivity, given any zero f§ € K[a] of f we have to construct
a K-automorphism ¢ with ¢(a) = B. This is done as follows. Take

evg:K[X]— Kla]

the evaluation homomorphism in . Since f is a zero of 5 € K[X] we have f € Ker(evp).
However f§ is irreducible in K[X], hence Ker(evg) = (fZ). So evp induces an in-
jective K-homomorphism evp : K[X1/(fg) — Kla] with image K[f] < K[al. The
first isomorphism theorem for rings now implies K[S]= K[X1/( f;;); the given
isomorphism is K-linear, hence K[f] is a linear subspace of K[a] with dimension
dimg (K[X/(fg)) = dimg (K[a]). This dimension is finite and therefore K[f] = K[al;
in other words evys is an isomorphism. Analogous to the above, write ev, for the

isomorphism K[X/(f) ZK [a@] induced by the evaluation homomorphism ev,. We
have isomorphisms:

Kla]
/
KIX(fE)
E71
KIp]=Kla]

and hence a K-automorphism ¢ := EOE_I: Klal = Klal. The definition of
evaluation homomorphisms shows

v Ha)=X+(fD) and evpX+(f)=p,

hence ¢(a) = .
(iii) is immediate from (ii) and Theorem [II11.5.2] This finishes the proof. [ |
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VIIL.1.6 Example. Let f € K[X] be a monic irreducible polynomial of degree 2 and
put L = K[X1/(f). We write a := X +(f) € L which is a zero of f in L = K[a]. Writing
f =X2+aX +b one calculates (using long division if necessary) that in L[X]:

X?+aX+b=(X-a)X - (—a—a)).
We now distinguish two cases:
(i) a=-a-a, (i) aZ-a-—a.

In the first case 2a = —a follows. If 2 # 0 in K then a = —a/2 € K contradicting
the irreducibility of f. Hence, the first case is only possible for char(X) = 2 and
a =0. An example of such an irreducible f is X2 + T € Fo(T)[X], a polynomial over
the field of rational functions in the variable T" with coefficients in Fg. (Were f
reducible then (g/h)? = T so g2 = Th? for certain g, h € Fo[T1; comparing degrees
shows this is impossible.)

In the remaining case (ii) f has two distinct zeros in L, hence #Autx (L) = 2 by
Theorem [VIIL.1.5] All groups consisting of two elements are isomorphic, so

Autg (L) ={idr, ¢} = Z/27.

Here ¢(a) = —a — a and ¢(x + ya) = ¢p(x) + ¢(y)Pp(a) = x + y(—a — a) for x,y € K).
A well known example is K =R and f = X2 + 1, here ¢ is complex conjugation.

Another example is given by the finite fields L = F,[X /(X 2 _d) with d a non-
square in ), (see|V.2.9] in particular we must have p > 2 here). Then

¢:L—L, d:x+ya—x—ya, x,yelF,

is the nontrivial field automorphism.
On the other hand Theorem |[VIII.1.1|yields an automorphism as well, namely
the Frobenius automorphism F'. We have

Fx+ya)=F(x)+F(y)F(a)=x+yaP
since x,y € IF,, the prime field of L. Claim:
F=¢.

As #Auty, (L) = 2 it suffices to show F' # idy. In case F' = idy, the polynomial X? -X
would have #L = p? zeros in L. This contradicts Theorem Conclusion:
F #idy, and therefore F = ¢.

From F = ¢ one deduces a? = F(a) = ¢(a) = —a. As p > 2 is prime and therefore
odd, we write p = 2(”7_1) + 1 with ‘%1 € Z. Then

p-1 p-1
—a=a?=@®>) 7T a=d 7 a.

This shows OZI%1 =-1in F, c L. We will say more about this in Corollary [IX.4.4
below. _

VIII.2  Splitting fields

As we saw, for any irreducible f € K[X] there exists a finite extension M 2 K in
which f has a zero. Namely, M = K[X1/(f) works; see Theorem [V.2.7] In M[X] one
can write f = (X —a)g. In order to obtain an extension of K in which f has (counted
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with multiplicity) precisely deg(f) zeros, factor g into irreducible polynomials in
MI[X]. If an irreducible factor of degree = 2 occurs, use it to construct a further
finite extension (of M and therefore of K) in which this factor has a zero. After
finitely many steps one obtains in this way a finite extension L of K such that f
factors in L[X] as a product

=X -a))X -a92)...(X —ay), a; €L.
We elaborate on this in (the proof of) Theorem [VIII.2.3

VIII.2.1 Definition. Let K be a field and f € K[X] a monic polynomial. An exten-
sion L 2 K is called a splitting field of f over K if ay,...,a, € L exist with

@ f=II",X-a) in L[X],
(1)) L=K(ai,...,ap).

Roughly speaking: a splitting field of f over K is obtained by adjoining ‘all’ zeros
of f to the field K (however, zeros from where?). Note that a splitting field of f is
finite over K, as follows from (ii) in the definition together with Corollary

VIIL.2.2 Example. Take f = X3 —n with n € Q and n # k3 for all £ € Q. We describe
a splitting field M of f over Q and we determine Aut(M) = Autg(M).

The polynomial f is irreducible in Q[X] since it has degree 3 and it has no zero
in Q by the choice of n. Put

L :=QIX1(f), a1:=X+(f)eL,

then L is a field and a; € L is a zero of f. In particular a? =nand[L:Q]=3.
In L[X] one obtains the factorization

fFX)=X3-n=X-aDX?+a1X +a?)=:(X - agX).

We now show that g(X) is irreducible in L[X]. For this, it suffices to verify that g

has no zero in L. Were € L a zero of g then 0 = ﬁ2+a1ﬁ+a% = a? ((0%)2 +(0%)+ 1)

hence 0% € L would be a zero of X2+ X +1. Since X2+ X +1 € Q[X] is monic

and irreducible, one concludes it is the minimal polynomial of 0% over Q. This
contradicts [L : Q] = 3; compare Exercise[12]in Chapter [VII} We conclude that g(X)
is irreducible in L[X].

Now we adjoin a zero of g to L. Put

M :=L[Y1(g) and as:=Y +(g)eM.

(We use a variable Y instead of X to avoid confusion(!)) Then M is a degree 2

extension of L and therefore by Theorem a degree 6 extension of Q. By

construction ag € M is a zero of g and hence also of f. In M[Z] we have the factor-

ization g(Z)=Z%+a1Z + a% =(Z—-a9)(Z—ag) with ag = —a1 —ag. Note that ag # ag

since ag € M is not a zero of the derivative of /' (compare Theorem [[II.6.7). Hence

f has three distinct zeros a1,as,a3in M and f = (X — a1)(X — a2)(X — a3) in M[X].
Since M = L(ag) = L(ag,a3) and L = Q(a1) we obtain:

M =Q(ay, ag, as),

which shows that M is a splitting field of f over Q.
In fact even M = Q[a1, ag] and any m € M can be written as

m=apt+tai1a1 +a2a% +(bg+biag+ bza%)az,
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with a;, b; € Q (check for yourselfl).
We will now show that
Autg(M) = Ss3,

with S3 the group of permutations of {1, 2, 3}. Note that Aut(M) = Autg(M) since
Q is the prime field. Any ¢ € Autg(M) permutes the three zeros of f in M. This
yields a group homomorphism

7 : Autg(M) — S3, Tip—0,

with o € S3 defined by ¢(a;) = as;). We claim that 7 is injective and surjective,
and this of course determines Autg(M).

Suppose ¢ € Ker(r), then ¢(a;) = a; for all i. Applying ¢ to m € M then the
above description of m implies ¢p(m) = m, hence ¢ =idy;. We conclude that 7 is
injective.

To show surjectivity of 7 we construct some field automorphisms of M. Using
Qc L cM we have that Auty (M) c Autg(M) is a subgroup. Now M = L[az] and
the minimal polynomial g of ag over L has two distinct zeros in M, hence Theo-
rem shows that Autz, (M) contains exactly one element ¢ #idy;. As ¢ is
the identity on L, we have ¢1(a1) = @1. Moreover ¢ # idy; implies that ¢; inter-
changes a2 and as. Conclusion:

or(a)=a1, ¢ilag)=as, ¢Pi(az)=as = m($p1)=(23)€Ss.

Now put Lo := Q(ag) € M. Since ag € Lo is a zero of the irreducible f € Q[X] one
concludes Lo = Q[X1/(f), and the reasoning above can be repeated with L replaced
by Lg. This results in ¢g € Autz, (M) c Autg(M) with

pa(ar)=as, ¢alag)=as, ¢P2(az)=a; = a(d2)=(13)€Ss.

Since (13) and (23) generate S3 this shows that 7 is surjective, completing the
proof of the assertion that Aut(M) = S3. _mm

VIIL.2.3 Theorem. Let K be a field and [ € K[X] a monic polynomial.
There exists a splitting field of f over K.

Proof. We use induction w.r.t. n = deg(f). If n = 1 then K itself is a splitting field of
f over K. Now take n > 1. We distinguish two cases: f is irreducible or not.

First suppose f can be factored: f = g-h with g,h € K[X] monic of degree
< n. The induction hypothesis yields that a splitting field E = K(f1, B2, ..., Bm)
of g over K exists, and g = [[/.,(X — ;) in E[X]. Moreover the induction hy-
pothesis applied to the field E and the polynomial A € E[X] yields a splitting
field L = E(y1,y2,...yr) of h over E, and h = Hle(X—yl-) in L[X]. Then L is
a splitting field of f over K, since [ = H;’;l(X - ﬁi)-Hle(X —7v;) in L[X] and
L=E(y1,72,..,Yr) =K(B1,.ct, BmsY1,--sYE)-

Next suppose that f is irreducible in K[X]. Then by an extension K(a)
exists with f(a) =0. Using[[TL.5.1 & € K(a)[X] exists with / = (X — a)h. Here h is
monic and of degree n — 1. Applying the induction hypothesis to K(a) and A one
obtains a splitting field L = K(a)(a1,...,a,-1) of h over K(a), and h = H?:_ll(X —-a;)
in L[X]. With a, = a we now have L = K(aj,as,...,a,) and f = H’.L:1(X —a;) in

12

L[X], so L is a splitting field of f over K. This proves|VIII.2.3 [ |

We will now show the unicity of the splitting field. First a quite general result
is discussed.
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VIII.2.4 Theorem. Let ¢ : Ky — K1 be an isomorphism from a field K to a field K
and
O Ko[X]— K 1[X], Zain*—’Z<P(ai)Xl
i i

the isomorphism of polynomial rings induced by ¢. Take fo € Ko[X] monic and let
Ly be a splitting field of fo over Ky and L1 a splitting field of f1 := ®(fp) € K1[X]
over K.

Then there is an isomorphism v : Lo — L1 extending the map ¢:

K() — L()
y:Lo— Ly, YKy = ¢ Ly
K1 — L1.

Proof: From Definition [VIII.2.1{ii) and Corollary |[VII.3.7|it follows that [Lg : K¢l is

finite. We use induction w.r.t. this degree.

If [Ly: Kol =1 then Lo = Ky, hence [y = H?ZI(X — Bi) with B1,..., 8, € Ko. Then
f1=®(fo) = ?ZICI)(X =B =II}_{(X — ¢(6;)) € K1[X]1. All zeros of f1 in Ly are
therefore in K1, and since L1 is obtained by adjoining these zeros to K; we have
L1 =K;. Hence we may take v = ¢.

Now assume [Lg : Kol > 1. We construct simple extensions Ko(ag) and Ki(a1)
and an isomorphism y : Ko(ag) — K1(a1) with yx, = ¢.

As[Lg:Kpl>1we can take ag € Lo with fo(ag) =0 and ag ¢ K. Let ho € Ko[X]
be the minimal polynomial of ay over Ky and A := ®(hg) € K1[X]. Then Ay is a
divisor of fy in K¢[X], so

fo=hoqgo € Ko[X] and therefore f1=~h1D(qq) € K1[X].

However, f1 isin L1[X] a product of linear factors, hence the same holds for 41 | f1.
We conclude that ~1 has a zero aj € L1. Claim: Ko(ag) = Ki(aq).
Indeed, by [VIIL.2.5(one obtains the isomorphism

KolXW(ho) — Ko(ag), X +(ho)— ap. (1)

Since hg € Ko[X] is irreducible and @ is an isomorphism, i1 = ®(hg) is irreducible
in K1[X]. As h1(a1) =0 one concludes that A is the minimal polynomial of a; over
K. Again by [VIL.2.5|one finds the isomorphism

Ki[XW(hy) = Ki(a1), X +(hy)— a. )

Finally, the isomorphism @ : Ko[X]— K1[X] maps the ideal generated by k¢ to the
ideal generated by h1 = ®(h(), hence ® induces an isomorphism

@ :KolXWho) — K1lXV(h1), X +(ho)— X +(hy). (3)

The restriction of ® to Ky equals ¢. Combining the isomorphisms (1), (2), and (3)
one obtains

X Ko(ao)iK1(a1), ap— a1, XK, =¢.

To finish the proof, we will show that we can apply the induction hypothesis to
x : Ko(ap) — K1(a1) and their respective extensions Lg,L;1. We pick ag not in K
hence [Ko(ap) : Kol > 1 and therefore

[Lo:Kol
[Lo:Ko(ap)l = —————— <[Lo: Kol
02O K (o) : Kol 070

Moreover Ly is a splitting field of fy over Ko(ap), and analogously L1 is a splitting
field of f1 over Ki(a1): indeed, adjoining all zeros of f in Lo to Ky one obtains L,
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hence this certainly holds if we adjoin them to Ko(ag). The same reasoning holds
for K1(a1) and f1 and L;.

The induction hypothesis therefore yields a field isomorphism ¢ : Lo — L1 with
W|Ko(ap) = X- In other words, we obtain the rightmost part of the diagram

Ky — Kolap) — Lo

¢l xl Ly
Ki; < Kila1) < Li.
In particular ¥k, = ¢, finishing the proof of [ |

A consequence of the above is the main result on splitting fields, which we now
state and prove.

VIIL.2.5 Theorem. Let K be a field and f € K[X] monic.
There exists a splitting field of f over K, and this splitting field is unique up to
K-isomorphisms.

Proof. The existence was shown in Suppose L and L' are splitting fields of
f over K; we must show that a K-isomorphism v : L — L' exists. Applying|[VIII.2.4]
toKo=Ki1=K, fo=f1=f, ¢ =idg, Lo = L,L1 = L' this is immediate. Hence
is proven. ]

VIII.2.6 Notation. The (unique by Theorem [VI1II.2.5) splitting field of f over K is
denoted by Qlf{

VIIL.2.7 Remark. The K-isomorphism v : L — L’ between two splitting fields of f
over K is in general not unique. If ¢ is a K-automorphism of L then ¢’ = oo : L — L'
is also a K-isomorphism as desired. It is not hard to show that starting from a fixed
w all possible K-isomorphisms ' : L — L' are obtained as above by composing with
elements of Autg(L).

VIIL.2.8 Example. We return to Example [VIIL.2.2| Here f = X% —n and in C[X]
one has

fX)=X-p)X-F)X~-p3) m

1 3 1
ﬁlz%, ,62:%(_54_1:%)9 ﬁ3:%(_§_i§)-

Hence Q(B1, B2, B3) (c C) is another splitting field of f over Q. By Theorem|VIII.2.5
it is isomorphic to the one studied in Example [VIII.2.2} M = Q(a1, ag, a3). In
particular
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VIII.3 Exercises

1.

10.
11.

Let K be a field. Show that the map
¢:K(X) — K(X), f—fX+1)

is a field automorphism. Find the order of ¢ in the group Aut(K(X)). (The
answer depends on the characteristic char(X)...)

Describe a splitting field of X2 — 101 over Q.

Let L be a splitting field of f/ over K and f =[[}_,(X — ;) in L[X]. Prove that
L=K(ay,as,...,an_1) (so a, is omitted!).

Suppose f € K[X] is monic of degree n. Prove: [Q;{ : K] divides n! (Hint: use
the construction in the proof of [VIII.2.3])

Prove that L = Q(v/2,i) is a splitting field of X* —2 over Q. Determine [L : Q]
and fAut(L).

Prove that Autg;)(L) = Z/4Z.

Let { € Cbe a zero of f = X*+X3+X2+X +1. Show that ¢° = 1 and that ¢2,¢3,¢*
are zeros of f as well. Prove that Q({) is a splitting field of f over Q. Determine
Aut(QE@)). i i

Prove that Qg’z Z 962’3 and that Q§2’2 ~ Q§2’3 for K =F5.

Prove that Q(i, v/2) is a splitting field of f@‘/g over Q.

Show that Aut(Q(, v2)) = Z/2Z x Z/2Z.
Let L be a splitting field of f over K and put n = deg(f).

(a) Prove: any K-automorphism of L permutes the zeros of f in L,
(b) Prove: the group Autg (L) is isomorphic to a subgroup of Sj,;
(c) Show that #Autg (L) is a divisor of n! .

Prove: Aut(Q(v/2,iv/3)) = Ss.
Take f = X3+ X2-2X — 1€ Q[X] and let ae% be a zero of f.

Compute fg_z and show that Q(a) = 96 Deduce that Aut(Q(g) =7/37.
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FINITE FIELDS

A field K is called finite if the number of elements of K is finite. We already saw
some examples of finite fields: Z/pZ for p prime, see Theorem [[.2.11} we saw a field
with 4 elements in Example and fields with p? elements, for any prime
p > 2, were constructed in Example

|X.1 Classification of finite fields.

The next result classifies the finite fields.

IX.1.1 Theorem.

(1) If K is a finite field then #K = p" for a prime p and an integer n = 1.

(it) For every prime p and every integer n = 1 there exists a field consisting of p"
elements, namely the splitting field of XP" — X over Fp. This field is unique up
to isomorphisms.

Proof (i): Let K be a finite field. Using Theorem one concludes that the
prime field Ko € K must be [}, for a prime p. As K is finite, K is certainly finite di-
mensional as a vectorspace over IF,. Put n =[K :F,]. Choosing a basis ey, eg,...,e,
for K over I, every x € K can be written uniquely as

x=aie1+ages+...taze, with a;€lF,, 1<i=<n.

For each of the a; there are p possibilities, hence in total K contains p-p-...-p = p"
elements, proving (i).

(ii): Let p be prime and n € Z-o and g = p”. Let K be the splitting field of
X7 —-X over F,,. We will show that #K = q, as follows. Since K is the splitting field
of X9 - X over F,, we have aj,as,...,a, € K with X7 -X = H?:I(X—ai) in K[X].
We will study the set

A={ay,a,...,a4} (cK).

(a.) #A = q. Indeed, were #A < q then «a; = a; for some i # j. This means that a; is
a multiple zero of f = X9 — X. Theorem [[IL.6.7| now implies that «; is also a zero of
the derivative f' = ¢-X971-1= -1 (note that ¢ =0 in F,). This is absurd since the
constant polynomial —1 has no zeros. We conclude #A =q.

(b.) A is a subfield of K. Indeed, by definition the set A consists of all zeros of X7-X
in K. Hence a € K satisfies: « € A < a? = a. Hence clearly 1€ A. Furthermore:

a,feA, fA0=(af N =al(p)  =ap = aplecA.
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Using Theorem one obtains:
a,peA=(a+P)=a+pl=a+f= a+PeA.

This shows that A is closed under addition and division. Since also —1 € A it follows
that A is a subfield of K.
(c) A=K (:= Qﬂ)“(; ~X). Indeed, since A is a subfield of K it necessarily contains the

prime field IF;, of K (by the definition of prime field). All a; € A hence
Fpla,ag,...,aq) cA.

The definition of a splitting field then shows K = F,(ai,as,...,aq). We
conclude that K < A and therefore K = A.

This shows that a field consisting of ¢ elements exists, namely the splitting field
of X9 - X over IF,,. It remains to prove unicity.

Suppose L is another field consisting of ¢ elements. We must show L = K.
Observe that char(L) = p since otherwise by (i) above #L would be a power of a
different prime, contradicting the unique prime factorization of q. Let a € L*.
Since L™ is a group consisting of ¢ — 1 elements, the order of a in this group divides
g — 1. Therefore a?9~! = 1. This implies a? = a hence «a is a zero of the polynomial
X?-X. Clearly also a = 0 has this property, so all g elements of L are zeros of
X?-X. This polynomial has degree ¢ and hence X9 — X =[] . (X — a). Using
Definition [VIIL.2.1|one concludes that L is a splitting field of X9 — X over the prime
field F, < L. The unicity of splitting fields (see Theorem then implies
L =K. This finishes the proof of Theorem [X1.1] ]

IX.1.2 Definition. The (unique by Theorem [IX.1.1) field consisting of ¢ = p” ele-
ments is denoted by IF,.

So Theorem [IX.1.1|says in particular that [F is the splitting field of X? -X over
Fp,ie.,
~ X9-X
F, = QIFP .

IX.1.3 Remark. Instead of I, the literature also uses the notation GF(q), for ‘Ga-
lois field’, named after Evariste Galois (French mathematician, 1811 - 1832) who
was the first to study finite fields in general.

IX.1.4 Remark. If g is prime then F; = Z/q7. However if q is not prime then Z/qZ
is not a field (Theorem note: for ¢ = p™ and n > 1 one finds p #0 # p"~! and
ﬁ-F =p" =0in Z/q7Z). So this ring contains zero divisors. Also, given any a € Fq
we have a+a+...+a (p terms) is equal to 0 € Fy, since I is a vector space over IFj,.
On the other hand in Z/qZ we have that 1+1+...+1 (p terms) is not zero whenever
q=p">p.

So clearly Fy, # Z/qZ whenever q = p" > p.

IX.1.5 Example. The polynomials f := X3+ X2+1 and g := X3 + X +1 are irre-
ducible in Fo[X] since they have degree 3 and they have no zero in [Fo. The fields

K :=TFo[X1/(f) and L :=Fy[X1(g)

both consist of 8 elements hence by Theorem K = L. We now construct an
explicit isomorphism.

Note that a := X +(f) is a zero of f in K. Since K and L are isomorphic, f must
have a zero in L as well, and this is what we will find first. Put

B:=X+(g)eL, then p=p+1.
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Then

B+12+(f+1)2+1

= (B+2++D)+(B2+1+1
= P2+(B+1+1

= 0,

f(B+1)

(note that the coefficients are in F9), so we have our zero. Since it turns out to be
rather elaborate to describe a field isomorphism from K to L directly, one uses the
evaluation homomorphism

eVp+1:IF2[X]—>L, X—p+1.

It is not hard to verify that evg, is surjective. The kernel of evg.; is generated
by f (it is in the kernel and it is irreducible). The first isomorphism theorem
now yields

K =TFolX(f) =evp1(FalXD =L,

with explicit isomorphism given by

ag +a1a+a2a2 —ag+ai(f+1)+az(f+ 1)2 =(ap+ai +a2)+a1ﬁ+azﬂ2.

IX.2 _The structure of finite fields

Since the finite field IF )» is an n-dimensional vectorspace over I, it follows that the
additive group (IF,»,+,0) is isomorphic to (Z/pZ)"* (a product of n copies of Z/pZ.).
The next result shows that Fjn is a simple extension of I, (see Definition [VIL.2.4),
which allows one to treat this field analogously to Example

IX.2.1 Theorem. Let F, be a finite field and q = p" with p prime. Then a € F,
exists with

Fq=Fplal
In particular Fg =F), [X]/(f]gp) and deg(f]gp) =n.

Proof. For every fp € Fy the field F(p) is finite hence Fp(f) =F . for some & < n.

Hence B is a zero of x?' - x , a polynomial having at most (in fact, exactly) p*
pairwise distinct zeros in IF,». Considering all possible %, we see that the number
of elements € Fn such that F,(8) #F,» is at most p + p% +...+ p" 1 < p". Hence
a €Fpn exists with Fp(a) =Fpn.

The remaining statements are immediate from Theorem ]

In Theorem below we will see a complete description of all subfields of
F,.

IX.2.2 Corollary. For any p prime and any integer n > 0 an irreducible polynomial
of degree n in F,[X] exists.

Proof. By Theorem [IX.2.1) @ € Fj» exists with Fy» = F,[a]l. The minimal polyno-
mial f of a over I, is then irreducible of degree [F,» : IF;,] = n. This proves the
P

corollary. [
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IX.2.3 Example. To be able to compute in F53 we first look for an irreducible poly-
nomial of degree 3 in F5[X]. The polynomials of the form X3 —a with a € F5 all
have a zero in F5 (verify!) so these are reducible. f = X% + X —1 € F5[X], turns out
to be irreducible (again, verify!). Hence L = F5[X1/(f) is a field and [L : F5] = 3 so
#L = 53: every element of L can be given uniquely as

x=ag+aia+asa’, with a:=X+(f)eL

and a; € F5. By Theorem and Definition we have L=F53. Asaisa
zero of f one finds a® = —a + 1. Hence for example

Ba+1)4a?+2) = 2a3+4a%+a+2
= 2—a+1)+4a®+a+2
= 4a®+4a+4,
= —(a®+a+1).
where we note that the coefficients are taken in 5. _

Let f € Fy[X] be irreducible. Then f has a zero « in the extension L = F [ X1/(f)
where #L = g™ with m = deg(f). Hence writing ¢ = p™ we have L = F,mm. In
L[X] the polynomial f factors as (X — a)g for some g € L[X]. Contrary to what
we saw in Example it turns out that g (and f) split completely in L[X]
(Theorem[IX.2.4]below), so L is the splitting field of f over F,. This result will allow
us (Theorem [IX.2.6]below) to determine Aut(F,). To this end, we use the Frobenius

homomorphism (see
F:L—L x—xP.

Since L is finite, F is a field automorphism, i.e., F € Aut(L). For k£ € N composing %
Frobenius homomorphisms yields

FtL—L  x—ax, F* € Aut(L).

IX.2.4 Theorem. Let g = p" be a power of a prime p and f € Fy[X] monic and
irreducible of degree m. Put L :=F[X1/(f) and take a € L with f(a)=0.
Then -
f=X-a)X-a?)---(X-a? ) eL[X].

Moreover the m zeros of [ are pairwise distinct.

Proof For a € F, we have F™(a) = a”" =a? and a is a zero of X¢ - X. Therefore
F"(a)=a hence F" € Auty, (L) since F" is the identity map on Fg.
For any % € N then also (F")* € Autp, (L). Hence by Theorem |VIIL.1.5/ also

F"Y(a) = a? €L is a zero of f. We claim that in this way m distinct zeros of
f are obtained. Namely, if a?" = a?' with 0 < <1 <m — 1 then (using char(L) = p)
one finds

0=a? —q? = (aqlik - a)qk.

This shows a would be a zero of X4" —X where a = [ -k < m. By Theorem|[X.1.1|this

means « € Fyqa, contradicting Fy () = Fgm. So indeed the m zeros a, a¥,..., a?" €L
of f are pairwise distinct and f factors in L[X] in the given way. This completes
the proof. |

IX.2.5 Example. We saw in Example [IX.1.5|that the polynomial f := X3+ X2 +1
has the zero B+ 1€ L := Fo[f]1 = Fg with 8% =  + 1. By Theorem [IX.2.4]also

B+12=p2+1 and (B+D*=p*+1=p2+p+1
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are zeros of f and hence

X34+ X241=(X-(B+1INX - (B2 + D)X — (B2 + f+1)).

IX.2.6 Theorem. Let g = p™ with p prime. Then
Aut(Fy) =(F) = Z/nZ,

so Aut(F,) is a cyclic group consisting of n elements, with generator the Frobenius
homomorphism.

Proof. By Theorem [IX.2.1] « € F, exists with Iy = F,(a) and by Theorem (IX.2.4
the minimal polynomial of a has exactly n pairwise distinct zeros in F,. Hence

Theorem implies that #Aut(F,) = #Autp,(F,) = n (note F,, is the prime
field of IFy).
Next, observe that the n field automorphisms idIFq,F,Fz,...,F”_1 are all dis-

tinct: we saw in the proof of[[X.2.4/that F*(a) = a?* # aP' = Fla)forO<k <l<n-1.
Conclusion: every element of Aut(IF,) is a power of the Frobenius automorphism.
This shows the result. u

IX.2.7 Theorem. Let q = p* and r = p™. Then Fy is isomorphic to a subfield of T,
if and only if r is a power of q (in other words, precisely when k|m).

In case Fg is isomorphic to a subfield of I, then there is only one such subfield
of F,, namely the set of zeros in F, of X9 - X.

Proof. If ¥, is a subfield of I, then [, is a finite dimensional vectorspace over [F,
with diqu F, =[F,: Fgl. Therefore

p"t =#F, = (#]Fq)UF’:]F‘I] = phlFrFql hence k|m.

Now assume m = kn for some n € Zg, so r = q". We will show that the poly-
nomial X7 — X splits completely in F.[X]. Since every element of I, is a zero of
X" —X, it suffices to show that

X9-X|X"-X  (in Fp[X].
Both polynomials have a factor X and because r = q" it suffices to show
X971 x "o,
Note that in Z one has
¢"—1=(q-D@" 1 +q" 2+, +q+1)=(g-1)b
with b € Z. Hence the special case a = ¢—1, b = ¢" 1 +¢" 2 +...+q+1 of the equality
X% -1=(X* - DXV x 0D x%41)

shows the divisibility of the polynomials.

This proves the first part of If K c I, is a subfield consisting of ¢ ele-
ments, then x? —x =0 for all x € K hence K is the set of zeros in F,. of X?9-X. In
particular at most one subfield consisting of ¢ elements exists in F,. This finishes
the proof. |

IX.2.8 Remark. We write, following Theorem
th ckFpm = Eklm.

Note, as an example, that 4 is not a subfield of Fg. Both [F4 and [Fg are subfields
of Fg4, and this is in fact the smallest field having both [F4 and Fg as subfields.
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IX.3

Irreducible polynomials over finite fields

Using the classification of finite fields we deduce some results concerning irre-
ducible polynomials in F,[X].

IX.3.1 Example. Suppose K is an extension of F,, with [K :[F,] = 2. Since #K = p2

and #F, = p there are exactly p? — p elements in K which are not in F,. Take

one of them: a € K such that a ¢ F;,. Then Fj(a) = K hence deg(fy ) = 2. From
p

Theorem |IX.2.4]one knows that ff € F,[X] has the two distinct zeros a and a” in
P

K -T,. Given K one obtains in this way %( p? - p) irreducible monic polynomials of
degree 2 in F,[X], and
K =F,[X(f)

for each of these f.

Vice versa, let g € F,[X] be a monic and irreducible polynomial of degree 2.
Then by the classification F,[X1/(g) =F 2. Since g is the minimal polynomial over
F, of a := X +(g) € Fy[X1/(g) it is necessarily one of the %(p2 — p) polynomials we
found above. Conclusion: There are exactly %( p?—p) monic irreducible polynomials
of degree 2 in IF,,[X].

A more direct alternative derivation of the above result runs as follows. A monic
polynomial of degree 2 in F,[X] has the form X 2+aX+bwitha,be F,, so there
are p? of them. The reducible ones among them are (X —r)? and (X —r)(X —s) with
r#sandr,s€elF,. Hence there are p+ (S) =p+ %(pz—p) = %(p2+p) reducible ones.
We conclude that the number of monic irreducible degree 2 polynomials in IF,[X]
equals p2? — %(p2 +p)= %(p2 — p), confirming what was found earlier. =

IX.3.2 Theorem. Let g > 1 be a power of a prime and let n € Z>1. Then
X" -X=[[f inF,X]

where the product is taken over the set of monic irreducible polynomials f € Fy[X]
such that deg(f) divides n.

Proof. Since F;[X]is a unique factorization domain, X 7" _ X can be factored in a
unique way as product of monic irreducible polynomials in F,[X]. These factors
are pairwise distinct since the derivative (X9" -X) =¢"X? " 1-1=-1.

The theorem follows once we have shown that

f1X?" - X = deg(f)|n,

for monic irreducible f € F,[X].
Let d = deg(f). Since f is monic and X9 - X = Haqun (X —a)eFyn[X], we have

f‘an -X = f=X-a1)-(X-ag) for some ajeF[X] = qu cFgn.

Moreover by Theorem [[X.2.4 Q]é = Fyla;] = F [ X1A(f) with a; a zero of f (see
q
1X.2.4). Therefore the monic irreducible f of degree d over I, satisfies

X7 -X = FXVF) Fy
and since [Fo[X1/(f):Fq]=d and therefore F¢[X1/(f) =F a, Theorem [IX.2.7|shows
fFIX"-X = FucFp < din.

This finishes the proof. [ |
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IX.3.3 Example. Note that
X4 X=XX?-1D=XX+DX%2+X+1) in Fo[X].

Therefore X, X +1, X2+ X +1 are the only monic irreducible polynomials of degree
<2 in Fo[X]. Of course this is easy to check directly. _mm

IX.3.4 Corollary. Let x4 denote the number of monic irreducible degree d polyno-
mials in F,[X]. For every n € Z>1 we have

Z dxg=q".
dln

Proof. Observe that ¢” = deg(X?" — X). By Theorem [[X.3.2] the given polynomial
equals the product of all monic irreducible polynomials with degree d such that d
divides n. The left-hand-side of the formula is precisely the degree of this product.

|

IX.3.5 Remark. Here is an alternative proof of Corollary which uses only
the fact that ', [X]is a unique factorization domain. The argument is briefly men-
tioned in Section 1.1 of the PhD thesis (2008) of the American mathematician Paul
Pollack, where he attributes it to his supervisor: the British mathematician An-
drew Granville. The details of the argument are as follows.

Denote by .# the set of all monic polynomials in Fy[X], and by & < .4 the
subset of irreducible monic elements in F;[X]. Take n € Z>1 arbitrary, and consider
the sum

Y deg(A).
Aell

deg(A)=n
On the one hand, writing such A as X® +a,_1 X" 1 +...+a1X +ao with all a;elfy,
one observes there are in total ¢ such A € .#. They all have degree n, hence the
above sum equals nq™.
Next, one deduces an alternative expression for this sum by factoring each A
into monic irreducible elements of ;[ X], so

A= ] P
PeZ?,a=1
such that P%|A

Comparing degrees one obtains

ng"= Y Y deg(P).
Aell PeP a=1
deg(A)=n guch that P*A

Now we interchange the order of summation: considering a fixed Pe€ & and a =1,
we still sum over all M € .4 of degree n such that P*|M. Clearly, if the degree of
P? exceeds n then no such M exist. However for adeg(P)=n—-b with0<b<n
every M = P¢ A(XP 4 ab_le_l +...+a1X +ag) works, and there are qb such extra
factors. As a consequence, the above equality can be rewritten as

nqn — Z deg(P)qn_adeg(P)-
PeP,a>1
such that a deg(P)<n
Dividing by q" yields
n= Y deg(P)q @ des®),
Pe?,a>1
such that adeg(P)<n
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This formula holds for every n = 1. Subtracting the formula for the case n — 1 from
the one for n, one obtains

1= Z deg(P)q_adeg(P)-
Pe?,a=1
such that a deg(P)=n

Multiplying both sides by ¢" = ¢%9¢8®) this shows

q"= y deg(P).
PeZ?,a=1
such that a deg(P)=n

The summation here is only over those P € & such that d := deg(P) divides n, and
given such d the only corresponding a in the summation is a = n/d. As before write

xq :=#{P €2 : deg(P)=d},

then by grouping in the above sum the terms with a common degree d one con-
cludes

q" =) dxq,
dln

which is exactly Corollary [IX.3.4

IX.3.6 Example. By means of[IX.3.4]one obtains a method to recursively determine
%pn, the number of irreducible polynomials of degree n over IFy. For n =1, 2, 3, 6 one
finds

1-x1 = ql = X1=9

1-x1 +2-x9 = ¢ = x=2¢>-9

1-x1 +3-x3 = ¢ = x3=3%-9

l:xy +2:x9 +3:x3 +6:-x6 = q6 = x6=g(q6_q3_q2+q)‘

In general one obtains using the Mdébius-inversion-formula (see Exercise on

page[121) that

1
%y ==Y p(d)g™®,  inwhich
n dln

{ wn)=0 if a prime p exists with p2|n;
wpipe...pr)=(=1),

where the p; are pairwise distinct primes and r € Zxg, so in particular u(1) =1
(corresponding to r = 0). The function u was introduced in 1831 by the German
mathematician and astronomer August Ferdinand Mobius (1790-1868).

The formula for x,, yields in particular

n-1
nx,=q"+ Y. Ud)gV?e = q" - > >0
dln,d>1 k=1

(the fact that the expression is indeed positive one may show for example by con-
sidering how the subtraction is visualized when written out in base g). So this
provides a way to verify that indeed irreducible polynomials over I, of any degree
n =1 exist. Using Remark[[X.3.5|one therefore obtains a proof of the existence of a
finite field with p” elements, without using theory of splitting fields.
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IX.4 The multiplicative group of a finite field

Whereas the additive group (IFy,+,0) of a finite field with ¢ = p" and p prime is
isomorphic to a product of n copies of Z/p/Z, the multiplicative group Fj is much
simpler. For this we recall a result from Chapter [[II| (Corollary [[IL.5.4).

IX.4.1 Theorem. The multiplicative group IF; of a finite field F is a cyclic group.

Proof. Since I, is a domain and Fy is finite, this is a special case of Corollary|[11.5.4
|

IX.4.2 Definition. An element a € IE‘; generating the multiplicative group ]qu is
called a primitive root of I,.

So a € Fy is a primitive root of I, if and only if the order of a in the group Fy
equals #F; = ¢ —1. If a is a primitive root of F; then every x € F; can be written as

x=a*, and A:F; —ZAq-1Z, x—kmod(g—1)

is an isomorphism of (abelian) groups. In particular % is modulo g — 1 uniquely
determined (by x and a).

1X.4.3 Example. The element 3 € [F'7 is a primitive root of [F7 since
3l=3 32=2 3%=6, 3*'=4, 3°=5, 36=1

and therefore ord(3) = 6 = #[F.

We now construct a primitive root of Fg, which means an element of order 8 in
the group Fg. Since the order of any element in a finite group divides the number
of elements in the group we only need to find a € Fg such that at#1.

Note that X2 + 1 has no zero in F3 and therefore

Fo = Fa[i]l:= F3[XUX2% +1), with i:=X+(X2+1).

Every element of Fg therefore has a unique representation as a + bi with a, b € F3
and moreover i2 = —1. Take @ = 1 + i, then

2=(1+i)?=2i, a*=(@2i)?=-1#1,

hence the order of a equals 8 and « is a primitive root of 9. You may compute for
yourself a* for 1 <k < 8 and check that indeed all elements of [F§ are obtained in
this way. ==

Here as a small application of the existence of a primitive root of I, we will
provide a (second) proof of the result below. The same result can also be derived by
adapting the reasoning used in Example|VIII.1.6

IX.4.4 Corollary. Take a € Fy.

(1). If char(IFy) = 2, then « is a square in Iy,

(ii). If char(IFy) > 2, then m :=(q —1)/2€ Z. Now a is a squarein F; © a™ =1and
a el is not a square & a™ =-1.

Proof. The map ‘squaring’:

2
x X=X X
]Fq Fq
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is a homomorphism with kernel all x € F; such that x2 = 1. If char(F,) = 2 then this
equation is equivalent to (x — 1) = 0, which shows that in this case the ‘squaring’
homomorphism is injective and therefore bijective. This proves (i).

If char(FF,) > 2 then the ‘squaring’ map has kernel {+1} consisting of two distinct
elements. The image of the map is clearly the subgroup of all squares quz c IF;.
Hence )

FoA£1}=F. %,

which shows in particular that the number of squares in F equals m := (g - 1)/2.

By the proof of Theorem

[[X-@)=X7-X=X-(X*"-1)=X-(X"-1)- (X" +1).

ael,

If a € Fj is a square, then a = y? for some y € 3 hence a™ = y?™ = 1. This means
that the nonzero squares are zeros of X™ —1. Since their number is m one concludes

[] X-a)=X"-1.

x2
acly

The g —m —1=m non-squares in [F, are then necessarily the zeros of X" + 1. This
finishes the proof.

Here is a slightly different reasoning, showing the same result.
(1): In this case the squares are precisely the image of the Frobenius homomor-
phism: Fy, — ;. Since F, is finite, this is an automorphism, from which (i) follows.
(ii): Here p = char(IFy) and hence g (which is a power of p) is odd, and therefore
q — 1 is even and hence m := (¢ —1)/2 € Z. Let  be a primitive root of F,. Then
ord(f) =2m and FF consists of the 2m pairwise distinct elements

ﬁ,ﬁ2, ﬁ3, .“,ﬁ2M*1’ ﬁZm — 1

Here the m elements %* with 1 <% < m are clearly squares. Moreover they are
zeros of the polynomial X™ -1 since (52%)™ = (52™)* = 1. So X™ -1 =[] (X - ).
Moreover, if some power, say ¢ of f is a square, then there exists an integer n such
that (82 = . Then 2m|(2m — ¢) which shows that ¢ is even. This shows that the
nonzero squares are precisely the zeros of X —1.

The odd powers of § are not zeros of X —1; indeed, (2t +1yn = p2mk gm = gm = 1,
Also, these elements are not squares. Since

0=p2"-1=("-1)("+1) and B"#0,

we have ™ = —1 hence (f2%*1)" = —1 for all k. One concludes that the zeros of
X™ +1 are precisely all non-squares in Fg, as we saw earlier in a slightly different
way. |
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|X.b Exercises

Determine all primitive roots of F7, Fg, and Fg.

2. Let p =3 mod 4 be prime. Show that Z[i}/pZ[i] = F 2.

10.

11.

Determine fH?s for every a € Fg, and find the factorization of X®—1 into irre-
ducible polynomials in Fg[X].

Prove that 2+ v2 € Fos is a primitive root of Fo5 (here V2 is an element of Fos
satisfying \/52 =2; is it clear why such an element exists?).

Prove that X* +2 is irreducible in F1g5[X]1.

Show using a counting argument that the number of monic irreducible polyno-
mials in Fy[X] of degree 3 equals %(q3 —q).

Find complete factorizations of the polynomials X2 -X, X4 -X, X8 - X, and
X% - X in Fo[X].

Show using Corollary that

q

1
Qn
q_lq ).

1 1
—q" 2x,2—(q" ~
n n

Suppose Fp» = Fp(a). Show directly that the polynomial H?:_()l(X —aP") occur-
ring in has coefficients in F,, by verifying that each of its coefficients c
satisfies c? =c.
Let K be a field of characteristic p > 0 and suppose f € K[X] is a polynomial of
the form X? — X —a. Let a be a zero of f in some extension field of K.

(a) Show that f = HiE]Fp (X —a-1i) and that K(a) = QI’;

(b) Prove that either f is irreducible in K[X], or f factors in K[X] as a product
of polynomials of degree 1. (Hint: in case f = gh, consider the equality
f(X-j)=gX-j)h(X ~-j) (jeF,) and conclude that all irreducible factors
of f have the same degree.)

(c) Show that for every a € I, the polynomial X” — X —a is irreducible in
FplX1.

Let R be the ring of arithmetic functions defined in Exercise on page
Define e¢,E € R by
1 if n=1;

e(n)={ 0 of n>1,

and
E(n)=1for alln € Z~.
By 1 we denote the Mobius function introduced in Section [[X.3]
(a) Show that e is the unit element of the ring R.
(b) Verify that peR.
(¢) Show that u*E =e (so u is the inverse of E in R™).
(d) For f € R define g € R by

g=F+E, so g(n):Zf(d) forn € Zy.
din

Derive from (c) the Mobius inversion formula:

f(n)=) wd)g(n/d) forneZso.
din

(e) Prove the formula for x,, presented in Section |IX.3
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12. (Compare Exercise|[11jon page[100)
(a) Show that the fields Q[X1/(X? - 2) and Q[Y 1Y ? - 3) are not isomorphic.

(b) Given a prime p we put
Ry :=TF,[X1/(X?-2) and R3:=F,[YI(Y?-3).

Determine for all primes p with 2 < p < 23 the structure of these two
rings (does the ring contain nilpotent elements, zero divisors, is the ring a
field?), and determine for each case whether the two rings are isomorphic.

13. For g € Z prime we put @, = X9 1+ ...+ X2+ X +1 = (X9 - DAX - 1) € Z[X];
given p prime we write f;; , := @, mod p € F,[X].
Take g =11 and p prime and consider

fiip=gp:=X"+. . +X?2+ X +1eF,[X].

Prove that all irreducible factors of g, in F,[X] have the same degree.
Let G € F,[X]be an irreducible factor of g,,. Prove:
deg(G)=1 < (p=1lof p=1 (mod 11));
deg(G)=2 < p=-1(mod 11);
deg(G)=5 & p=3,4,5,0r9 (mod 11);
deg(G)=10 < p=2,6,7,0r8 (mod 11).
14. Take g = f11,3 (notation as in Exercise , s0g=X"9+ .  +X+1eF3[X]. Find
the irreducible factors of g in Fg[X].
(Hint: let G be an irreducible factor of g and suppose a is a zero of G|g in an
extension of F3. Show that a® and a® and a?” = a® and a'® = a* are zeros of G as
well. What is the constant term of G?, what are the zeros of H where g =G -H?.
What are the zeros of X5 -G(1/X)?, which coefficients of G can be determined
using the above?).
15. Again we use the notation from Exercise

(a) Factor f115 € F5[X].
(b) Factor f7,13 € F13[X].
(c) Factor f135 € F5[X].
16. (a) Let K be a field and take x € K,x* # 1,x% = 1. Show that x* = —1 and that

(x+1)2=2.

(b) Determine the order of 3 mod 41 in the group Fj;. Find y € Z such that
y2 =2 mod 41.

(¢c) Take a prime number p = 1 mod 8. Show that z € Z exists with z% = 2 mod

p.

17. (in Exercise we solved the equation z? = 2mod p in the case of a prime
p = 1mod 8. Here we consider x> = 3mod p where p is a prime such that
p=1mod 12).

(a) Show that a € Fj exists such that ord(a) = 12 in the group F.

(b) Take a as in (a) and let b = a?; show that b+ 5% = 1 (hint: verify that
b3 =-1and (b%)? +b%+1=0).

(¢) For a as above, show that (a® +a")2 =3¢ Fp.

(d) Prove that x € Z exists with x? = 3 mod p.

2mi/12

(e) Make a sketch of the complex plane and in it z=e¢ and z2 + 219 and
5

2% +27. Do you see a connection with the other parts of this exercise?

18. Determine the number of irreducible polynomials of degree 4 in F,[X].
19. Let a,b €, (p > 2) such that X2 —q and X? - b are irreducible in F,lX]1.
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(a) Prove that r e IF; exists with a = r2b. (Hint: with IF;Q c IF; the subgroup
consisting of all squares, consider the group F;/F ;2.)

(b) Put f:=X +(X2-b)eF,[X)/(X2-b). Show that
evyp: FplX1—F [XUX?~b),  f—f(rp)

is a surjective ring homomorphism with kernel (X2 - a).

(c) Find an explicit field homomorphism
¢ : Fo[XUX? —a) — F,[XUX?-b).

(d) Let X?+¢tX +s€ F,[X] be an irreducible polynomial. Construct a field
isomorphism

v PRI XUX2 +¢X +5) — F,[XUXZ-b).

20. Problem 2 of the 25th International Mathematical Olympiad (1984) reads:
Find one pair of positive integers a,b such that ab(a + b) is not divisi-
ble by 7, but (a +b)" —a” — b7 is divisible by 7.
In this exercise some aspects of this problem are discussed.
(a) Let p =1 mod 3 be a prime number and take % € Z-q. Prove that X2+ X +1

has exactly 2 zeros in Z/p*Z. Find these zeros in the cases p* = 7%, for all
ke{l1,2,3,4,5,6,7}.

(b) Let p =1 mod 3 be a prime number. Put f := ’%((X +1)» - XP-1)e Q[X].
Show that in fact f € Z[X], and find irreducible factors a,b,c of f in Z[X]
such that abc?|f. Hint: take w = e2™/3 and compute (w + 1)® (explain the
result using a picture of w and w + 1 in the complex plane!). What is f(w)
and what is f'(w)?

(c) Write [ = %((X +1)"—X"-1) as a product of monic irreducible polynomials
in Z[X] (This “explains” the first case of Exercise[14]on page[76).

(d) Now solve the IMO problem: find a,b € Z satisfying the two conditions

i. ab(a+b) # 0 (mod 7),
ii. (@+b)" =a”+b" (mod 77).
(e) How many pairs (a,b) € (Z/T"Z)* x (Z/77Z)X_exist satisfying the two condi-
tions a +b is a unit and (@ +5) —a" -7 =07?
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