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Preface

These lecture notes were written during the Corona crisis in 2020 when the lectues at
IMPA were suspended, and they have served as the main reference for Algebra 1 in this
term, which was taught online.

Even though there are several excellent books on all themes of the lecture, the overall
selection of topics is specific to the needs at IMPA and lacks a good standard reference.
In so far there was a need for a source that is better adapted to the course, and this text
can be seen as an attempt to fill this gap.

All the exercises from the weekly homework of the course are included at the end of
the corresponding chapters. An asterisque indicates exercises that are significantly more
challenging than others.

Acknowledgements: I would like to thank Rafael Ferreira, Amadeus Cabral Maldonado,
Rafael Xavier, Xia Xiao and Zhifei Yan for their valuable feedback on previous versions
of the text.



Chapter 1

Rings

1.1 Commutative groups and monoids

Definition 1.1.1. A commutative group (or abelian group) is a set G together with a
binary operation, which is a map

u: GxG — G,
(a,b) > ab=a-b

such that the following axioms hold:

(1) (ab)c = a(bc) for all a,b,c € G, (associativity)
(2) ab=baforall a,b € G, (commutativity)
(3) there is an e € G such that ae = a for all a € G, (neutral element)
(4) forevery a € G, thereisab € G such thatab =e (inverses)

where (ab)c = p(p(a,b),c) and a(bc) = pu(a, pu(b,c)). A commutative monoid is a set
G together with a map p : G X G — G that satisfies (1)—(3).

Remark. A group is a set G together with a map 1 : G x G — G that satisfies axioms
(1), (3) and (4). We restrict ourselves to commutative groups in this section since we
do not need the more complex and intriguing concept of a group for most parts of this
course. For its importance for subsequent courses, we review the fundamental results
from group theory at a later point of this course; cf. Chapter 5.

Lemma 1.1.2. Let G be a set and 11 : G X G — G a binary operation that satisfies axioms
(1) and (2). Then there is at most one e € G such that ae = a for all a € G. If such a
neutral element e exists, then there is at most one b for every a such that ab = e.

Proof. Assume that (3) is satisfied for e and ¢’. Then e = ee’ = ¢’e = ¢/, as claimed.
Assume that ab = ab’ = e for a neutral element e € G. Then b = be = bab' = b'ab =
b'e =1, as claimed. O
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Notation. Typically, we suppress the multiplication x of a commutative group (or
monoid) and simply refer to a commutative group (or monoid) by the underlying set G.
In situation where we want to specify the operation, we refer to a commutative group
(or monoid) by (G, 1) or (G,-). Sometimes it is more natural to denote the operation of
the group by “+”. All these different notations are illustrated in Example 1.1.3.

Note that the associativity (1) allows us to write terms like abc without ambiguity.
Using commutativity multiple times allows us to reorder the terms in any expression
arbitrarily, e.g. abc = cba.

We typically denote the neutral element e by 1 and the inverse of a by a~! if the
binary operation y is multiplication “-”. If 1 is addition “+”, then we denote the neutral
element by 0 and the inverse of a by —a. By the following fact, the neutral element and
inverses are unique.

Example 1.1.3. In the following, we give a series of examples of commutative groups
and monoids.

(1) The integers Z together with addition + forms a commutative group. The neutral
element is 0 and the (additive) inverse of a € Z is —a. The integers Z together
with multiplication - form a commutative monoid whose neutral element is 1. The
only elements with (multiplicative) inverses are 1 and —1.

(2) The natural numbers N together with addition form a commutative monoid with
neutral element 0, which is not a commutative group since —a is not in N unless
a=0. Also (N,-) is a commutative monoid.

(3) The rational numbers Q together with addition + form a commutative group as
well as the positive rational numbers Q= together with multiplication.

(4) The complex numbers {z € C | |z = 1} of absolute value 1 together with multipli-
cation - form a commutative group, but (C, ) is only a commutative monoid.

We summarize this in Table 1.1.

| | commutative group? | commutative monoid? |

(Z,+) v v

(Z,-) no inverses v

(N,+) no inverses v

(N,-) no inverses v

Q. +) v v
(Q-0,") v v
({zeC|lz|=1},") v v
(C,-) no inverses v

Table 1.1: Examples of commutative groups and monoids

Definition 1.1.4. Let G be a commutative group. A subgroup of G is a nonempty
subset H of G such that ab~!' € H for all a,b € H.



1.1. Commutative groups and monoids

Lemma 1.1.5. Let G be a commutative group and H a subset. Then H is a subgroup
if and only if the multiplication 11 of G restricts to a map gy : H X H — H such that
(H, p1gy) is a commutative group.

Proof. The proof is left as Exercise 1.1. ]

We continue with the definition of the quotient of a commutative group G by a
subgroup H. Since most applications of this construction in this lecture concerns
additive groups, i.e. the group operation is addition p(a,b) = a+ b, we formulate this
result for additive groups.

Definition 1.1.6. Let (G,+) be a commutative group, a € G and H a subgroup. The
coset of H in G with respect to a is the subset

la) = a+H = {a+heG|heH}
of G. The quotient of G by H is the set G/H = {[a]|a € G} of cosets of H.

Proposition 1.1.7 (Universal property of quotient groups). Let (G,+) be a commutative
group and H a subgroup.

(1) Let a,b € G. The following are equivalent:

(a) [a] = [D);

(b) a € [b];

(c) la]n[b] # 2;
(d) a—beH.

(2) The map
[+]: G/HxG/H — G/H
([a,[6]))  +— [a+D]

is well defined, and (G/H,[+]) is a commutative group.

Proof. We begin with proving the equivalence of the affirmations in (1). Assume
(la). Then a =a+e € [a] = [b], thus (1b). Since a =a+ e € [a], (1b) implies (1c).
Assume (1c). Then there is a ¢ € [a] N [b], i.e. c=a+h=b+ K for some h,i' € H.
Thus a —b = k' — h € H, which implies (1d). Assume (1d), i.e. h=a—b € H, and
consider a+ /' € [a] for some i’ € H. Since a=b+h and h+ 1’ € H, this implies that
a+h =b+h-+h € [b], which shows that [a] C [b]. By the symmetry of the argument,
we conclude that [a] = [b], which shows (1a). This completes the proof of (1).

We continue with the proof of (2). To establish that [+] is well-defined, consider
cosets [a] = [d'] and [b] = [b'] of Hin G, i.e.d’ =a+hand b’ = b+ forsome h,h' € H.
Then d' +b' — (a+b) = h+h € H, which means by (1) that [a' + 5’| = [a+ b]. This
shows that the definition of [+] does not depend on the choice of representative, i.e. [+]
is well-defined.
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We verify that (G/H, [+]) satisfies the axioms of a commutative group. Associativity
follows from

(lal[+]1]) [+]le] = [(a+b)+c] = la+(+0)] = [+)(BI[+][e])
commutativity follows from
[@][+][b] = la+b] = [b+ad] = [b][+][d],

the neutral element is [e] since

[al[+]le] = lat+e] = ld]
and the inverse of [a] is [—a] since

[a][+][-a] = [a—a] = [e]
where a, b and c are arbitrary elements of G. ]

Notation. In the following, we denote the addition of the quotient G/H simply by “+”,
i.e. we write [a] + [b] = [a + b]. Sometimes we write a for [a].

Example 1.1.8. We give some examples of subgroups and quotient groups.

(1) Let G be a commutative group. Then {0} and G are subgroups, which are called
the trivial subgroup and the improper subgroup, respectively. The quotient
G/{0} can be identified with G itself since [a| = [p] if and only if @ = b. The
quotient G/G is equal to {[e]} since [a] = [e] for all a € G.

(2) For every n > 0, the subset Z = {nala € Z} of Z is a subgroup of (Z,+). We
have an equality [a] = [b] of cosets of nZ if and only if a —b € nZ, i.e. a—b is
divisible by n. For n = 0, we find the trivial subgroup 0Z = {0} and the quotient
7./0Z = Z. For n = 1, we find the improper subgroup 17 = Z and the quotient
ZJ1Z = {[0]}. For n > 1, the quotient Z/nZ = {[a]|a € Z} consists of the cosets

[0],...,[n— 1], and the addition of Z/nZ is addition modulo n, i.e.
[a+b] ifa+b <n,
la] +[b] = .
la+b—n] ifa+b>n.

1.2 Rings, integral domains and fields

Definition 1.2.1. A (commutative) ring (with one) is a set A together with two binary
operations

a: AXA — A and p: AXA — A
(a,b) — a+b (a,b) — ab=a-b

such that
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(1) (A,+) is a commutative group,
(2) (A,-) is a commutative monoid,
(3) a(b+c)=ab+acforall a,b,c € A (distributivity)

where a(b+c) = pu(a,a(b,c)) and ab+ ac = o(p(a,b), u(a,c)) (i.e. multiplication is
evaluated before addition).

Notation. For the purpose of these lectures, we assume that all rings are commutative
and with one, unless stated otherwise. The binary operation « is called the addition of
A and p its multiplication. Often we suppress the binary operations from the notation
of aring A, but in instances where we want to explicitly refer to the addition + and the
multiplication - by (A, +,-); cf. Example 1.2.3 for some instances.

We denote the neutral element for the addition by 0 and the additive inverse of an
element a by —a. We write a — b for a+ (—b). We denote the neutral element for
multiplication by 1 and the multiplicative inverse of an element a by a~! if it exists.
Note that by Lemma 1.1.2, all these elements are unique and thus these notations are
well-defined.

Lemma 1.2.2. The following hold true for every ring A.

(1) We have —0=0,0-a=0and —a=(—1)-aforalla € A, as well as (—1)> = 1.
(2) Ifa—b =0, thena=b.
(3) If0 = 1, then A = {0}

(4) If a,b € A have multiplicative inverses a~' and b=, then a='b~" is a multiplica-
tive inverse of ab.

Proof. We begin with (1). Since 0+ 0 = 0, we have 0 = —0 by the uniqueness of
(additive) inverses. For a € A, we have 0-a+0-a = (0+0)a = 0-a and thus, after
adding —0- a to both sides, 0-a = 0, as claimed. In consequence, 0 =0-a= (1—1)a=
1-a+(—1)-aand thus —a = (—1) - a by the uniqueness of (additive) inverses. Finally,
wehave 0=0-(—1)=(1—1)-(=1)=1-(=1)+(=1)-(=1) = (=1)+(~1)? and
thus (—1)% = 1 by the uniqueness of the (additive) inverse of —1, which establishes all
claims of (1).

We turn to (2)—(4). If a—b =0, thena = —(—b), and thusa = (—1)-(—1)-b=5b
by (1), which establishes (2). If 0 =1,then 0 =0-a =¢g-a = a for all a € A and thus
A = {0}, which establishes (3). Finally, (4) follows from (ab)(a~'b~') = aa='bb~! =
I-1=1 [

Example 1.2.3. In the following, we discuss a series of examples and non-examples.

(0) The trivial ring A = {0} with one element 0 = 1 and the tautological addition
0+ 0 = 0 and multiplication 0-0 = O forms a ring.

(1) The integers Z together with the usual addition and multiplication form a ring.
The same is true for the rational numbers (Q, +,-), the real numbers (R, +, -) and
the complex numbers (C,+,-). The natural numbers (N, +,-) do not form a ring
for the lack of additive inverses.
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(2) Polynomials over rings from rings. For example the set R[7] of polynomials
anT"+---+a T + ag with real coefficients ag, ... ,a, € R, together with the usual
addition and multiplication of polynomials, forms a ring.

(3) The set R x R of pairs (a,b) of real numbers a,b € R, together with component-
wise addition and multiplication, forms a ring.

(4) The set of n x n-matrices Mat, (A) with coefficients in a ring A does not form a
(commutative) ring for n > 1 since the multiplication of matrices is not commuta-
tive.

(5) The set C.(R,R) of compactly supported (continuous / differentiable / smooth)
functions f: R — R, together with valuewise addition and multiplication, do not
form a ring (with one) for the lack of a multiplicatively neutral element. To wit,
the constant function ¢; : R — R that sends every a € R to ¢;(a) = 1 would be
neutral for multiplication, but it does not have compact support.

Definition 1.2.4. Let A be aring. A subring of A is a subset B of A such that 1 € B and
a—b,ab € B for all a,b € B. The unit group of A is the set A* of all elements a € A
with a multiplicative inverse a~!. A ring A is

e without zero divisors if ab # 0 for all a,b € A — {0};

e an integral domain if O # 1 and if the multiplication map

mg: A — A
b —— ab

is injective for every a € A — {0};

o afieldif A =A — {0}, i.e. 0 # 1 and every nonzero element has a multiplicative
inverse.

Remark. Let B C A be a subring of A. Then both addition o and multiplication . of A
restrict to maps ap : B x B — B and up : B x B — B that endow B with the structure of a
ring, which justifies the term ‘subring’. We leave a verification of this claim as Exercise
L.5.

By Lemma 1.2.2, the multiplication y of a ring A restricts to amap u* : A X A* —
A, which turns A* into a commutative group. This justifies the term ‘unit group’.

Lemma 1.2.5. Every field is an integral domain, and every integral domain is without
zero divisors. Conversely, a ring without zero divisors is an integral domain if 0 # 1.

Proof. Let A be a field and a € A — {0}. Consider b,b’ € A such that m,(b) = m,(b').
Since a has a multiplicative inverse a~!, we have b =a~'ab = a~'m,(b) = a~'m,(b') =
a~'ab' = b', which shows that m,, is injective. Since 0 # 1, this shows that A is an integral
domain.

Let A be an integral domain and a,b € A with ab = 0, but a # 0. Then m,(b) =
ab=0=a-0=m,(0) and thus b = 0 by the injectivity of m,. Thus A is without zero
divisors.
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Let A be without zero divisors, 0 # 1 and a € A — {0}. If my(b) = my(b'), then
ab = ab’ and thus a(b —b') = ab — ab’ = 0. Since A is without zero divisors, we must
have b — b’ = 0 and thus b = b'. This shows that m, is injective and that A is an integral
domain. [

Example 1.2.6. We summarize which rings from Example 1.2.3 are without zero
divisors, integral domains and fields in Table 1.2. The validity or failure of the defining
properties of these particular types of rings can also be determined for the examples that
are not rings, and we provide such an answer in brackets.

| | ring? without zero divisors? | integral domain? | field? |

{0} v v no no

7 v v v no

Q v v v v

R v v v v

C v v v v
R[T] v v v no
R xR v no no no
N no additive inverses V) ) (no)
Mat,(A) not commutative (no) (no) (no)
C.(R,R) without one (no) (no) (no)

Table 1.2: Examples of rings

1.3 Ideals and quotients

Definition 1.3.1. Let A and B be rings. A ring homomorphism from A to B is a map
f:A— Bsuchthat f(1) =1, f(a+b) = f(a)+ f(b) and f(ab) = f(a)f(b) for all
a,b € A. An isomorphism of rings is a bijective ring homomorphism.

Lemma 1.3.2. Let A, B and C be rings. Then the following hold true.

(1) The identity map ids : A — A is a ring homomorphism.
(2) The composition go f : A — C of two ring homomorphisms f :A —Bandg:B — C
is a ring homomorphism.

(3) Given a ring homomorphism f:A — B and a € A, we have f(0) =0, f(—a) =
—f(a) and f(a~") = f(a)~", provided a has a multiplicative inverse a™'.

(4) A ring homomorphism f : A — B is injective if and only if f~1(0) = {0}.

(5) The image im f = {f(a)|a € A} of a ring homomorphism f : A — B is a subring
of B.

(6) A ring homomorphism f : A — B is an isomorphism if and only if there is a ring
homomorphism g : B— A such that go f =1id4 and f o g = idp.
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Proof. The proof is left as Exercise 1.8. [

Definition 1.3.3. Let A be aring. An ideal of A is a subset / of A that contains 0, b+ ¢
and ab for alla € A and b,c € I.
Let S be a subset of A. The ideal generated by S is the subset

(S) = {éaisi

of A, with the convention that (@) = {0}. If S = {a;} we also write (a;) = (S).

n>LmeAweS}

Remark. In other words, an ideal of A is an additive subgroup 7 of (A,+) such that
Al = I where Al = {abla € A,b € I'}. Note that, in particular,a —b=a+ (—1)-b el
forall a,b € 1.

Lemma 1.3.4. Let A be a ring and S a subset of A. Then (S) is an ideal, and S = (S) if
and only if S is an ideal.

Proof. We begin with the proof that (S) is an ideal, which is clear in the case (&) = {0}.
Thus we assume that § # & in the following. Clearly, 0 = 0-s is in (S). Consider
Y' aisi, Y bit; € (S) and ¢ € A. If we define a;s; = bi_psi—, fori=n+1,...,n+m,
then both

n—+m

<,~:Zn‘1aiSi> " <gbiti> - l; aisi  and ¢ (i:ilaisi) = izzn‘i(cai)sz'

are in (S), which shows that (S) is an ideal. This also implies that if S = (S), then S is
an ideal.

Assume that S is an ideal. Clearly S C (S). To show equality, we consider }.! | a;s; €
(S) with a; € A and s; € S. Since S is an ideal, we know that a;s; € S foralli=1,...,n.
Since S is an additive subgroup of A, it also contains the sum Y, a;s;. Thus (S) C §,
which concludes the proof. [

Example 1.3.5. We give some examples of ideals.

(1) Let A be a ring. Then subsets {0} and A are ideals of A, which are called the
trivial ideal and the improper ideal of A, respectively. For every a € A, the ideal
generated by S = {a} equals

(a) = {ab|be A}

and is called the principal ideal generated by a.
(2) In particular, for every n € Z, the subset nZ = (n) is an ideal of Z.

(3) Another example of a principal ideal is the subset
((1,0)) = {(a,0) eRxR|aeR}

of R x R.
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Definition 1.3.6. Let f : A — B be a ring homomorphism. The kernel of f is the subset
ker f ={a € A|f(a) =0} of A.

Lemma 1.3.7. The kernel of a ring homomorphism f : A — B is an ideal of A.

Proof. Since f(0) =0, we have O € ker f. Consider a € A and b,c € ker f, i.e. f(b) =
f(¢)=0. Then f(b+c) = f(b)+ f(c) =0 and f(ab) = f(a)f(b) = 0, which shows
that b+ ¢ and ab are in ker f. Thus ker f is an ideal of A. [

Proposition 1.3.8 (Universal property for quotient rings). Let A be a ring and I an
ideal of A. For a € A, define [a) = {a+b c Albe 1} and A/l = {[a]|la € A}. Then the
following hold true.

(1) The maps

[+]: AJIxA/l — A/l und []: A/IxA/]I — A/l
([a],[p])  +— [a+b] ([a],[p])  +— [ab]

are well-defined, and (A/1,]+],[']) is a ring. The association a — |a] defines a
ring homomorphism w: A — A/l with kerm = L.

(2) Let S be a subset of A. Then 7 : A — A/(S) satisfies the following universal
property: for every ring homomorphism f : A — B with f(S) C {0}, there is a
unique ring homomorphism f : A/(S) — B such that f = fo, i.e. the diagram

A

| DT
A/(S)

commutes.

Proof. Since an ideal is, in particular, an additive subgroup of (A, +), Proposition 1.1.7
shows that [+] is well-defined. We continue with [-]. Let [a] = [¢] and [b] = [#/],i.e.d' =
a+cand b’ =b+dforc,d €l. Thenad,bc,cd € I and thus @'’ —ab = ad +bc+cd €1,
which shows that [ab] = [a'b'], by Proposition 1.1.7, and that [-] is well-defined.

We continue with the verification that (A/I,[+],[:]) is a ring. By Proposition 1.1.7,
we know that (A /I, [+]) is a commutative group. That (A/I,][-]) is a commutative monoid
with neutral element [1] follows from

(fal1161) Fle] = [(ab)e] = la(be)] = [all]([bIF[e)).

[@l[][b] = [ab] = [ba] = [P][]la], ~ and  [d][][e] = [ae] = [d]

where a, b and ¢ are arbitrary elements of A. The distributivity of [-] over [+] follows
from

[a][~]([b][+][C]> = la(b+0)] = lab+ac] = |a][-][p][+][a][-]|c],
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which concludes the proof that (a/I,[+],[]) is a ring.
The claim that 7 : A — A/I is a ring homomorphism follows from 7 (1) = [1] and

m(a+b) = la+b] = [a][+][b] = 7(a)[+]7(b),
m(ab) = lab] = [a][][b] = 7(a)[-]7(b)

for all a,b € A. By Proposition 1.1.7, (1), we have [0] = I and 7(a) = [0] if and only if
a € 1. Thus 7~ '([0]) = I as claimed, which concludes the proof of (1)

We continue with the proof of (2). Given a ring homomorphism f : A — B with
f(8) C {0}, we claim that the association [a] — f(a) does not depend on the choice
of representative a € [a] and defines a ring homomorphism A/(S) — B. Once we have
proven this, it is clear that from the definition of f that f = fox. Note that f = for
implies the uniqueness of f since it requires that f([a]) = f(7(a)) = f(a).

In order to show that f is well-defined, consider a,b € A such that [a] = [b]. By
Proposition 1.1.7, we have a — b € (S), and thus a — b = Y a;s; for some a; € A and
s; € S. It follows that

—

fla) = fb+) aisi) = f(b)+2f(ai)@ = f(b),

=0

which shows that the value f(|a]) = f([b]) does not depend on the choice of repre-
sentative for [@] = [b]. The map f is a ring homomorphism since f([1]) = f(1) =1
and
FallHB) = fla+) = fl@)+£(B) = () + 7 (6],
f(lab]) = flab) = f(a)-f(b) = f([a])- f([b])

for all a,b € A. This concludes the proof of the proposition. ]

Notation. In the following, we denote the addition and the multiplication of a quotient
ring A /I simply by + and -, respectively. We sometimes write a for [a].

Example 1.3.9. (0) If / = {0} is the trivial ideal of a ring A, then the quotient map
m:A — A/{0} is an isomorphism of rings.

(1) Let I = nZ = (n) be the principal ideal of Z generated by a positive integer
n € Z. Then Z/nZ = {[0],...,[n— 1]}, as explained in Example 1.1.8. Similar to
addition, multiplication is calculated modulo n, i.e.

[a] - [b] = [ab — kn]
where k € N is such that 0 < ab —kn < n.

Proposition 1.3.10. Let n > 0. Then Z/nZ. is an integral domain if and only if n =0 or
n = p is prime. If n = p is prime, then ¥, = 7./ pZ is a field.
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Proof. If n =0, then Z/0Z = Z is an integral domain. If n = 1, then Z /17 = {0} is not.
If n > 1 is not prime, i.e. n = k- for some k,I > 1,thenk #0# [ and k-[ = 0 in Z/nZ,
which shows that Z /nZ is with zero divisors and thus not an integral domain.

If n = pis prime, then 0 # 1 in F,, = Z/pZ. Consider k,I € F,, with k-1 =0, but
k # 0. Then in Z, the prime number p does divide k - , but not k. By the unique prime
factorization of integers, p divides /, i.e. [ =0 in F,. Thus [F), is an integral domain.
Since I, is finite, it is a field by Exercise 1.6. O

Definition 1.3.11. Let A be a ring. The polynomial ring over A is the set

AlT] = {ZaiTi

ieN

a; € A, a; = 0 for all but finitely many i € N}

together with the addition

(LaT)+(LhT) = ¥ latb)T
icN ieN ieN
and the multiplication

(Lat) - (Lor) = ¥ (X acb)T"

ieN ieN ieEN “k+l=i
A polynomial over A is an element f = Y ,.na;T' of A[T). Its degree is
deg f = max{i € N|q; # 0}

if a; # 0 for some i, and deg f = 0 if @; = 0 for all i. If n = deg f, then q, is called the
leading coefficient of f and qg is called the constant coefficient of f. If @, = 1, then
f is called monic.

Notation. We sometimes omit the index i from the sum and write Za,-Ti. If a; = 0 for
i > n, then we also write ZaiTi =a,T"+---+a;T + ag. In particular, we consider
elements a € A as constant polynomials ¥ a;T' = ag = a where a; = 0 for all i > 0. In
particular, the trivial polynomial is 0, i.e. a; = 0 for all i € N, and the identity polynomial
is 1,1.e. ap = 1 and a@; = 0 for i > 0. We leave it as Exercise 1.10 to verify that A[T] is
indeed a ring with zero 0 and one 1.

Proposition 1.3.12. Let K be a field and f = Y. a;,T" € K[T| be a nonzero polynomial of
degree n > 1. Then the map

n—1 )
{ Z b;T'
i=0

n—1
g=Y bT" — g+(f)
i=0

b € K} s K[T)/f)

is a bijection.
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Proof. We begin with the injectivity of the map. If g and g’ are polynomials of degree < n
whose classes [g] = [¢'] in K[T]/(f) are equal, then g — g’ = f - h for some polynomial
h =Y c;T" over K. Assume that i # 0, i.e. ¢;; # 0 for m = degh. Then

n m
f-h = ( Z aiT’) . ( Z c,-T’) = ac, " + (lower terms),
i=0 i=0

which is a polynomial of degree n+m > n. But this cannot be since deg(g —g’) <
max{degg,degg’'} < n. We conclude that 4 must be the trivial polynomial and thus
g = ¢', which establishes the injectivity of the map of the proposition.

We turn to the surjectivity of the map. Consider a class [g] = g+ (f) in K[T]/(f) that
is represented by a polynomial g = Y. b, T’ € K[T] of minimal degree, i.e. degg’ > degg
for all g’ € [g]. We need to show that m = deg g < n. If this was not the case, i.e. m > n,
then we could define

b b
g/ _ g——me_n-f — (bm——m-an)Tm+(terms of degree < m),
a

n n

=0

which is a polynomial of degree smaller than m = deg g in the class [g], a contradiction
to the minimality of degg. This shows that degg < n and concludes the proof of
surjectivity. ]

Definition 1.3.13. Anideal / of aring A is

e prime if S = A — [ is a multiplicative subset,i.e. 1 € S and ab € S for all a,b € S;
e properif/ #A;

e maximal if it is proper and / C J implies I = J for all proper ideals J of A.
Lemma 1.3.14. Let A be a ring and I and ideal of A.

(1) The ideal I is prime if and only if A/ is an integral domain.
(2) The ideal I is maximal if and only if A/I is a field.

Proof. We begin with (1). By definition / is prime if and only if 1 € S and for all a,b € S
also ab € S. This is equivalent with the condition that 0 # 1 in A/I and ab # 0 for all
a,b € A/I—{0}, which are precisely the defining properties of an integral domain. Thus
(1).

We turn to (2). Assume that / is maximal. Since I # A, we have A/I # {0} and thus
0 # 1 by Lemma 1.2.2. Consider @ € A/I —{0}. Thena ¢ I and (I U{a}) = A by the
maximality of /. Thus we have 1 = ¢+ ba for some c € I and b € A, by Lemma 1.3.4
and noting that / is closed under addition and multiplication by elements of A. Thus we
have¢=0and 1 =¢+ba=bain A /I, which shows that a has a multiplicative inverse,
which is b. This shows that A /[ is a field.

Conversely assume that A/I is a field. Since 0 # 1, we conclude that / is a proper
ideal. Consider an ideal J of A such that I C J. If there is an element a € J — I, then
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a+#0in A/I and thus has a multiplicative inverse b, i.e. @b =1 or 1 —ab € I. Since
a € J, also ab € J. Therefore 1 = (1 —ab)+ab € J and J = A. This shows that [ is
maximal and concludes the proof of the lemma. ]

Corollary 1.3.15. Every maximal ideal is a prime ideal.

Proof. Let A be aring and I a maximal ideal of A. Then A/I is a field by Lemma 1.3.14
and thus an integral domain by Lemma 1.2.5. Again by Lemma 1.3.14, we conclude
that / is a prime ideal. O]

1.4 The isomorphism theorems for rings

Theorem 1.4.1 (First isomorphism theorem). A ring homomorphism f : A — B induces
an isomorphism of rings

f: A/kerf — imf.
a — fla)

Proof. By the definition of ker f as f~1(0), we have f(ker f) = {0}. Thus by the
universal property of the quotient A/ ker f (Proposition 1.3.8), f factors into the quotient
map 7 : A — A /I composed with a (uniquely defined) ring homomorphism f : A/ ker f —
B. Since f = fom, we have necessarily that f(@) = f(a). By the definition of the subring
im f of B, f restricts to a surjective ring homomorphism f : A /ker f — im f, which is
the map described in the theorem since f(a) = f(a) = f(a). The ring homomorphism
f is injective since ker f = w(ker f) = {0}. This shows that f is an isomorphism, as
claimed. []

Theorem 1.4.2 (Second isomorphism theorem). Let A be a ring, B a subring and I an
ideal of A. Then the following holds true.

(1) B+1={b+c|b € B,c €1} is a subring of A.
(2) BN is an ideal of B.

(3)
®: B/(BNI) — (B+I)/I
a+(BNI) —  a+1

is an isomorphism of rings.

Proof. We begin with (1). Since 0,1 e Band0 € l,both0=0+0and 1 =1+0 are
in B+1. Forall b,b' € Band ¢,c’ €1, both (b+c¢)— (b’ —c') = (b—b")+ (¢ — ) and
(b+c)(b'+ ") =bb'+ (b +b'c+ cc’) are elements of B+ 1. Thus B+1 is a subring
of A.

We turn to (2). Clearly 0 € BN 1. Given a € B and b,c € BN 1, we have that ab and
b+ c are in both B and 1. Thus BN/ is an ideal of B.
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We turn to (3). The map & is a ring homomorphism since ®(1+BNI) =141 and
for all a,b € B,

CI>([a]+[b]) = CI>([a+b]) = la+b] = [a]+[b] = CID([a])+CI>([b]),
@([a]-[p]) = ®([a-b]) = [a-b] = [a]-[b] = @([a]) - P([b]).

where [a] stands for a + BN 1 where it appears as an argument of ® and for a +/
otherwise.

We turn to the injectivity of ®. An element a € B is in ker @ if and only if ®([a]) =
[0] =1,i.e. a € I. Since a € B, this is equivalent with a being an element of BN/, i.e.
a+BNI =[0]. Thus ker® = {[0]}, which shows injectivity.

To verify the surjectivity of ®, consider an element b+c € B+ withb € Band c € 1.
Then [b+c|] = [b+c¢—c| = [b] as classes of B+ 1/, and thus [b+ ] = [b] = ®([b]) is
in the image of ®. This completes the proof of the theorem. O]

Theorem 1.4.3 (Third isomorphism theorem). Let A be a ring, I an ideal of A and
7 :A — A/l the quotient map. Then

(O {ideals of A containing I} — {ideals ofA/I}
J —  J/I=7n(J)

is an inclusion preserving bijection, and

[ AN — (A/D]U/D)
a+J +—  ([a]+J)/I

is a ring isomorphism for every ideal J of A containing I.

Proof. We begin with showing that ®(J) = J/I is indeed an ideal of A/I where J is an
ideal of A that contains /. Clearly [0] € J/I. Consider a € A such that [a] € J/I, i.e. there
arebeJand ce€lsuchthata=b-+c. Since I C J, we conclude thata =b+c € J.
Thus J = 7~ (J/I), which implies for a,b,c € A with [b], [c] € J that both [a] - [b] = [ab]
and [b] + [c] = [b+¢] are in J/I. This shows that J/I is an ideal and thus that ® is
well-defined. Moreover, the fact that J = 7~ (J/I) implies at once that @ is injective.

By Exercise 1.13, the inverse image 7~ !(J) of an ideal J of A/I is an ideal of A.
Note that 7~ ! (J) contains /. Since 7 is surjective, we have J = 7 (7! (J)), which shows
that &P is surjective. It is clear that ® is inclusion preserving, which concludes the proof
of the first claim of the theorem.

The association a +— [a] 4+ J/I defines a surjective ring homomorphism g : A —
(A/I)/(J/I) with kernel I +J = J. By Theorem 1.4.1, it induces an isomorphism
g:A/J— (A/I)/(J/I), which maps a+J to g(a) = ([a] +J)/I. Thus f = g is an
isomorphism, as claimed. ]

1.5 The Chinese remainder theorem

Definition 1.5.1. Let {A;},c; be a family of rings. The product of {A;}c; is the

Cartesian product
[T4i = {(a)ict|ai € A},
icl
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together with componentwise addition (a;) + (b;) = (a; + b;) and componentwise multi-
plication (a;) - (b;) = (aib;).

Proposition 1.5.2 (Universal property for product rings). Let {A;}icr be a family of
rings. Then the following holds.

(1) The product [1;c;Ai is a ring whose zero is the element (a;) with a; = 0 for all
i € I and whose one is the element (a;) with a; =1 for all i € I.
(2) The canonical projections
T : HiEIAi — Aj
(ai)ier +— aj
are ring homomorphisms.

(3) The product [1A; together with the canonical projections {;} jcs satisfies the fol-
lowing universal property: for every ring B and for every family of ring homomor-
phisms {fj : B— Aj} jer, there exists a unique ring homomorphism F : B — []A;
such that fj =mjoF forall j €1, i.e. the diagram

——————————————— > [1A;

\ lﬁ,

commutes for every j € I.

Proof. The verification of (1) and (2) is straight-forward, and we leave this as an exercise
to the reader.

We turn to (3). Given ring homomorphisms f; : B — A, we define F : B — [[A;
by F(a) = (fi(a))icr. Assuming that F is a ring homomorphism, we see that f;(a) =

7j((fi(a))ier) = mjo F(a), as desired. The requirement f; = ;o F also shows that if

(bi)ic1 = F(a), then b; = 7;(F (a)) = f;(a), which shows that F is unique.

We continue with showing that F' : B — []A; is a ring homomorphism. By (1),
F(1) = (fi(1))ier = (1)ies is the one of [TA;. Given a,b € B, we have

Fla+b) = (fila+b)),, = (fila)),,+ (fi(])),,, = Fla)+F(b),
F(ab) = (fi(ab)),.; = (fi(a)) ;e (fi(D)),c; = Fla) F(b),
which shows that F is a ring homomorphism and concludes the proof. ]

Definition 1.5.3. Let A be aring and /y,...,I, ideals of A. The product of ,...,1, is
the ideal

n
(16 = 1t = ({ar-anlar e 1)
i=1
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of A. The sum of I,...,1I, is the ideal

n
Yo =nh++5L = {ai+ +an|a € I;}
=1

of A. The ideals Iy,...,1, are pairwise coprime if /; and I; are coprime, i.e. I; +1; = A,
for all i # j.

Definition 1.5.4. It is left as Exercise 1.13 to verify that } /; is indeed an ideal of A.

Theorem 1.5.5 (Chinese remainder theorem). Let A be a ring, 11,...,1I, pairwise co-
prime ideals of A and I = (\}_, I;. Then the association
f+ A/l — " (A/L)

a+l — (a+1,....,a+1,)
is a well-defined isomorphism of rings.

Proof. We begin with the proof that f is a well-defined and injective ring homomorphism.
By Proposition 1.5.2, the quotient maps f; : A — A/I;, mapping a to a+ I;, induce a
ring homomorphism F : A — [TA/I; such that f; = m;oF for all i = 1,...,n where
7j:[1A/I; = A/I; is the j-th canonical projection. Thus the kernel of F is

kerF = {a€A|F(a) =0}
= {acA|fj(a)=mjoF(a)=0forall j=1,...,n}

n n
= ﬂkerfj = ﬂli = I.
i=1 i=1

By the universal property of the quotient (Proposition 1.3.12), F' factors into the quotient
map 7 : A — A/I followed by a uniquely determined ring homomorphism f: A/l —
[TA/I;. This is indeed the map of the theorem since we have f(a+1) = F(a) =
(a+1,...,a+1,). Since ker f = 7(I) = {0}, the ring homomorphism f : A/l — [[A/I;
is injective.

We turn to the surjectivity of f. Since the ideals Iy, ...,I, are pairwise coprime, we
find for every j # i elements a; ; € I; and a;; € I; such that a; j +a;; = 1. We define
a; = [1j4ia;; where j varies through {1,...,n} — {i}. By definition, a; € [];4;, and
by Exercise 1.13, we know that [T;;1; C Iy for all j' # i. Thus a;+1; = 0+, for j # i.
On the other hand, we have [];.;(a; j +a;;) = 1 and thus

a; = 1—(H alj—l—ajl Haﬂ)
J# J#i

-~

cl;

J/

which shows that @; € 1+ 1;. Thus the inverse image of an element (b; +I;) € [[A/1;
under f is 27:1 ajbj+1 € A/l as can be computed directly:

f(iajbﬁf) = (ia/‘bﬁrlz')i_l = (bi+1i)i=1,..n,

=1 =1 =1,...,n
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using that a; 4 I; = ¢; j +I; where the Kronecker symbol ¢; j is 1 for i = j and O for i # j.

This concludes the proof of surjectivity. [

Corollary 1.5.6. Let ey,...,e, > 1 be pairwise coprime integers, i.e. (e;,e;) = 7 for
all i # j. Then there is an a € 7 such that a = a; (mod ¢;), i.e. a— a; € {(e;), for all
i=1,...,n.

Proof. By the Chinese remainder theorem (Theorem 1.5.5), the ring homomorphism

frZ — TIL(Z/eZ)
a +—> a—+ e

is surjective. Thus there exists an a € Z such that a+¢;,Z = a;+e¢;Z,i.e.a=a; (mod ¢;),
foralli=1,...,n. [

1.6 Euclidean domains and principal ideal domains

Definition 1.6.1. Let A be aring and a,b € A. A divisor of a is an element d € A such
that a = cd for some ¢ € A. We write d|a if d is a divisor of a. A common divisor of a
and b is an element d € A such that d|a and d|b. A greatest common divisor of ¢ and
b is a common divisor d of a and b such that every other common divisor d’ of a and
b is a divisor of d. We define gcd(a,b) as the ideal of A that generated by all greatest
common divisors of a and b.

Remark. Note that every element d € A is a divisor of 0. In contrast, a zero divisor is
an element d € A such that cd = 0 for some ¢ € A with ¢ # 0. Thus 0 is always a zero
divisor, which we call the trivial zero divisor. But it might be that there are no other
zero divisors in A, which is the case if and only if A is a ring is without zero divisors,
according to Definition 1.2.4.

Remark. In general, the greatest common divisor of two elements a and b does not
have to exist. For example, the elements 6 and 2 + 2v/—5 of Z[v/—5] do not have a
greatest common divisor. For more details, see Exercise 1.26.

Lemma 1.6.2. Let A be a ring and a,b,c,d € A. Then the following hold true.

(1) Ifd|a and d
(2) The following are equivalent:

b, then d|a+b and d|ca. If d|a and a

b, then d|b.

(a) d|a;
(b) a€(d);
(c) (a) C(d).

(3) The ideal gcd(a,b) is principal and equal to (d) if d is a greatest common divisor
of a and b.
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Proof. We begin with (1). If d|a and d|b, then a = da’ and b = db' for some a’,b’ € A.
Thus a+b=d(d’ +b') and ca =dcd , i.e. d|a+ b and d|ca, as claimed.

We continue with (2). Assume (2a), i.e. d|a. Thus a = dd’ for some @’ € A, which
shows that a € (d), as claimed in (2b). Assume (2b), i.e. a € (d). Then a = cd for some
¢ € A and thus ba = bed € (d) for all b € A. This shows that (@) = {ba|b € A} C (d), as
claimed in (2¢). Assume (2c), i.e. (a) C (d). Then a € (d), i.e. a = cd for some ¢ € A.
Thus d|a, as claimed in (2a). This concludes the proof of (2).

We continue with (3). If @ and b have no greatest common divisor, then, by definition,
ged(a,b) = (@) = (0) is principal. If the set S of greatest common divisors of @ and b
is not empty and d,d’ € S, then d|d’ by the definition of a greatest common divisor of a
and b. Thus d' = dc for some ¢ € A. This shows that S C (d) C (S) = gcd(a,b), which
implies that gcd(a,b) = (d). This verifies all claims of (3) and concludes the proof of
the lemma. [l

Definition 1.6.3. A Euclidean domain is an integral domain A for which there exists a
Euclidean function, which is a function N : A — N such that for all a,b € A with b #£ 0,
there are ¢,r € A such that a = bg+r and N(r) < N(b) or r = 0.

Example 1.6.4. We list some examples of Euclidean domains.

(1) Every field K is a Euclidean domain with respect to any function N : K — N since
for every a,b € K with b # 0, we have a = gb +r forg =ab~! and r = 0.

(2) The ring of integers Z is an Euclidean domain with respect to the usual absolute
value N(a) = |a|. Indeed, given a,b € Z with b # 0, we define g as the closest
integer to the rational number a/b and r = a — gb. Then we have |a/b—q| < 1
and therefore the desired inequality

r| = la—qb| = la/b—gq|-[b| < 1-]b| = [b].

(3) The ring Z[i] of Gaussian integers is a Euclidean domain with respect to the
function
N: Z[i — N,
a+ib — a*+b?

as can be seen as follows. First note that if we consider a + ib as an element of
the complex plane C = R x R, then N(a + ib) = a*> + b? is equal to the square
|a+ ib|? of the distance of a +ib to 0.

Given x =a+ib and y = c+id # 0, we can consider x/y as a point in the complex
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plane. This point is of distance of at most 1/ 1/2 from a point ¢ = n+im € Z][i]:

gt
. X[y T 2o,
g—1" | q L g+l
[ ] : [ ] : [ ]
I q—1 I

If we define r = x — gy, then

N(r) = [x—qy* = Ix/y—ql*- > < 5-I* < yl*> = N©)
verifies that N is a Euclidean function.

(4) Let K be a field. Then the polynomial ring K[T'] is a Euclidean domain with respect
to the degree map deg : K[T] — N. Indeed, given two polynomials f,g € K[T]
with degg > 1, we know by Proposition 1.3.12 that there is a polynomial r € K[T|
of degree smaller than g such that r+ (g) = f+ (g) as classes of K[T]/(g). In
other words, f —r € (g) or f —r = gg for some polynomial ¢ € K[T]. Thus we
have f = gqg + r with degr < degg, as desired. If degg = 0, but g # 0, then
g = ag 18 invertible and thus f = gg+0 for g = q; Ir.

Theorem 1.6.5 (Euclidean algorithm). Let A be a Euclidean domain with Euclidean
function N : A — N and a,b € A with b # 0. Then there is a sequence of elements
ro,...,In €A and qa,...,qn+1 € A, starting with ro = a and ry = b, such that

ro = qari+n and N(ry) < N(r),
.= q3rn+rn; and N(r3) < N(r),
Tn—2 = Gnin—1+tT1n and N(r,,) < N(l"nfl),

'n—1 = 4n+17n.

Given such a sequence, all the elements ry,...,r, are nonzero and d = r, is a greatest
common divisor of a and b. Moreover d = ca+ eb for some c,e € A, which means that
ged(a,b) = (d) = (a,b).

Proof. The defining property of an Euclidean domain lets us find the required elements
recursively: for every pair of elements r;_» and r;_; # 0 of A, there are ¢g; and r; in
A such that r;_p = g;ri—1 +r; and N(r;) < N(ri—1) or r; = 0. If r; = 0, then we stop
the recursion and find n = i — 1, which happens after at most N(r;) + 1 steps. This
establishes the first assertion of the theorem.

We show the latter assertions by induction on n. We begin with the claim that

ri,...,r, are nonzero. If n = 1, then this follows from the assumption that r; = b # 0.
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If n = 2, then g3r, = r; # 0 implies that r, # 0. For n > 2, let us assume that r, = 0.
Then r3 = r; — g3ry = r1, which contradicts the assumption that N(r3) < N(rz) < N(ry).
Thus we conclude that r, # 0. Therefore we can apply the inductive hypothesis to the
sequences with r; = riy and g} = g;1, for which 7/, =0, to conclude that r; | =7, #0
foralli=1,...,n— 1, which finishes the induction.

We continue with showing that d is a common divisor of @ and b. If n = 1, then
d = b and a = ¢,b, thus d divides both a and b. If n > 1, then can apply the inductive
hypothesis to the sequences with r; = r;1| and ¢; = g; to conclude that d divides both
d =ry=ry =band b’ =r| = ry. Therefore d also divides q,r| 4+ r» = ry = a, which
finishes the induction.

We continue with showing that every common divisor d’ of a and b divides d. If
n =1, then d = b, and we have d’|b = d by assumption. If n > 1, then d’ divides b = ry
and goa+ b = ry. Thus we can apply the inductive hypothesis to the sequences with
ri =rit1 and ¢} = g+ to conclude that d’ divides d, which finishes the induction.

We continue with showing that d = ca 4 eb for some c,e € A. If n =1, then
d=ry=ro—qar1 =1-a+(—qz)b, as desired. If n > 1, then we can apply the inductive
hypothesis to the sequences with r; = r;+j and ¢} = g4 to conclude that

d = drj+er) = ri+é(ro—qur1) = cateb

for c = ¢’ and e = ¢’ — g€/, which finishes the induction.

To conclude the proof, we observe that gcd(a,b) = (d) by Lemma 1.6.2 (3), that
a,b € (d) since d|a and d|b, and thus (a,b) C (d), and that (d) C (a,b) since d =
ca+eb. ]

Definition 1.6.6. A principal ideal domain (often just PID) is an integral domain A
for which every ideal is a principal ideal.

Proposition 1.6.7. Every Euclidean domain is a principal ideal domain.

Proof. Let A be a Euclidean domain with Euclidean function N : A — N and [ an ideal
of A. Since the trivial ideal {0} = (0) is always principal, we can assume that / is not
trivial. Let b € I be a nonzero element with minimal value N(b), i.e. N(b) < N(b') for
all o’ € I — {0}. Given a € I, there are g,r € A such that a = gb+r and N(r) < N(b) or
r=0. Since r = a — gb € I, the minimality of N(b) implies that r = 0. Thus a = gb is
an element of (b), which shows that I = (b) is principal. O

Remark. Two examples of principal ideal domains that are not Euclidean domains are
Rlx,y]/ (% +* +1) and Z[T)/(T* =T +5).

It requires in both cases some effort to prove this, which we will not do here. In general,
there seem to be no easy examples of such rings.

Lemma 1.6.8. Let A be a principal ideal domain and a,b,d € A. Then d is a greatest
common divisor of a and b if and only if (a,b) = (d). In particular, every pair of
elements of A has a greatest common divisor.

Proof. The proof is left as Exercise 1.18. ]
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1.7 Unique factorization domains

One of the basic theorems in number theory is the unique factorization of a positive
integer into prime factors. Let us consider this statement in some more detail. A prime
number is a positive integer p different from 1 whose only positive integer divisors are
1 and p. In the following, we use the convention that the empty product is defined as 1.

Theorem 1.7.1 (Fundamental Theorem of Arithmetic). Every positive integer n has a
factorization n = py - - - p, into uniquely determined prime numbers py,...,pn, Up to a
permutation of indices.

This theorem was first stated and proven by Euclid around 300 BC in his influential
work “The elements”. The most difficult part of the proof is the uniqueness claim, which
follows from what is called today Euclid’s Lemma.

Theorem 1.7.2 (Euclid’s Lemma). If a prime number p divides the product ab of two
positive integers a and b, then p must divide at least one of a and b.

The original proof of Euclid is elementary, but technically quite involved. This
elementary method of proof was simplified later using on Bézout’s Lemma. As a
motivation for this section, the reader is encouraged to reflect about these results and to
think about a proof.

In this section, we generalize the factorization of a positive integer into prime num-
bers from the (positive) integers to arbitrary rings. There are two types of generalizations
of prime numbers, one that captures the defining property of a prime number, the other
capturing the property exhibited by Euclid’s Lemma.

The core of this section is a characterization of the validity unique factorization in
an integral domain in several equivalent ways. From this, we deduce a proof of the
Fundamental Theorem of Arithmetic and Euclid’s Lemma.

Definition 1.7.3. Let A be aring. An elementa € A is

e irreducible if a # 0, if a ¢ A* and if @ = bc for some b, c € A implies that b € A*
orccA”;

e prime if a # 0, if a ¢ A* and if a|bc for some b,c € A implies that a|b or a|c.
Example 1.7.4. We examine some examples of irreducible and prime elements.

(1) A prime number is the same thing as an positive integer that is irreducible in the
sense of Definition 1.7.3. Indeed, a prime number p is apparently not zero and
not a unit. Given an equality p = cd with d > 0, we have d|p and thus either
d=1¢€7Z* ord= p, which implies that c = 1 € Z*. If d < 0, then we can use
the same argument for —d and —c in place of d and c, respectively. Conversely,
assume that p € Z is a positive and irreducible integer. Then clearly p > 1. Given
d|p for some d > 0, i.e. p = cd for some ¢ € Z, we conclude that d € Z* or
c € Z*. Since Z* = {£1}, we have d = 1 in the former case and d = p in the
latter case.
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By Euclid’s Lemma, a prime number is also a prime element in the sense of
Definition 1.7.3. A proof of this is more difficult, and we postpone it to the end of
this section; cf. Corollary 1.7.16.

(2) Let A bering and a € A. Then f =T —a is irreducible in A[T]. Indeed, assume
that f = gh for two polynomials g, € A[T]. Then degg + degh =degf =1,
which means that one of g and 4 is a linear polynomial and the other is a constant.
By the symmetry of g and s, we assume that g = bT —c and h = d. Then
f =gh=>bdT — cd, and thus bd = 1, which shows that 4 = d is a unit. Thus f is
irreducible, as claimed.

If A[T] is a unique factorization domain, then f = T — q is also prime, and this is
the case if A itself is a unique factorization domain, which we will only prove in
Theorem 1.11.9. At the end of this section, we will prove this fact in the case that
A = K is a field, cf. Proposition 1.6.7 and Corollary 1.7.15).

(3) The element (1,0) € R x R is not irreducible since (1,0) = (1,0)-(1,0), but (1,0)
is not a unit. It is prime since if (1,0)|(a,b) - (c,d), then either b =0 or d = 0 and
thus (1,0)|(a,b) or (1,0)|(c,d).

(4) Let Z[v/—5] be the subring of C that consists of all complex numbers of the form
a+bv/—5 with a,b € Z. The element 2 € Z[—+/—5] is irreducible, but not prime.
The proof is left as Exercise 1.26.

Lemma 1.7.5. Let A be a ring. Then the following hold true.

(1) An element a € A is prime if and only if (a) is a nontrivial prime ideal.

(2) If a prime element a € A divides a product b - --b,, then a divides b; for some
ie{l,...,n}.

(3) If A is an integral domain, then every prime element of A is irreducible.

Proof. We begin with the proof of (1). Assume that a € A is prime, i.e. a|bc implies a|b
or a|c. By Lemma 1.6.2, this is means, equivalently, that bc € (a) implies b € {(a) or
¢ € (a). Thus S = A — (a) is closed under multiplication. Since a ¢ A*, (a) is a proper
ideal and thus 1 € S, which shows that (a) is a prime ideal. Since a # 0, this prime ideal
is not trivial.

Assume conversely that (a) is a nontrivial prime ideal. Then a # 0 since (a) is
nontrivial and a ¢ A* since (a) is a proper ideal. Since S = A — (a) is closed under
multiplication, we conclude that a|bc implies a|b or a|c, which shows that a is prime.
This concludes the proof of (1).

We continue with (2), which can be proven by induction on the number of factors
n. Note that necessarily n > 1 since a prime element a cannot divide 1. The claim is
trivial for n = 1. For n > 1, we have that a|b; ...b, implies that a|b; ...b,_ or a|b,. In
the former case, a|b; for some i € {1,...,n— 1} by the inductive hypothesis. Thus the
claim.

We continue with (3) and assume that A is an integral domain. Let a be a prime
element. Then a # 0 and a ¢ A*. Consider a = bc for some b,c € A. Then a|bc and
thus a|b or alc, by the definition of a prime element. By symmetry of the argument in b
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and ¢, we can assume that alc, i.e. ¢ = da for some d € A. Then we have a = bc = bda,
i.e.my(1) =1-a=bd-a=my(bd). Since A is an integral domain, the multiplication by
a is injective and thus bd = 1, which shows that b € A*. This shows that a is irreducible,
as claimed, and concludes the proof of the lemma. L]

Definition 1.7.6. Let A be a ring. Two elements a,b € A are associated if there is an
u € A* such that a = ub. We write a ~ b if a and b are associated.

Lemma 1.7.7. Let A be a ring. The relation ~ is an equivalence relation on A. If a ~ b,
then a is irreducible if and only if b is irreducible, and a is prime if and only if b is
prime.

Proof. We begin with the verification that ~ is an equivalence relation. Sincea=1-a,
we have a ~ a, which shows that ~ is reflexive. If a ~ b, i.e. a = ub for some u € A,
then » = u~'a and thus b ~ a, which shows that ~ is symmetric. Ifa ~ b and b ~ ¢, i.e.
a = ub and b = vc for some u,v € A*, then uv € A* and a = ub = (uv)c. Thus a ~ c,
which shows that ~ is transitive. This shows that ~ is an equivalence relation.

Leta ~ b, i.e. a = ub for some u € A*. Assume that a is irreducible. Since a # 0,
we have b # 0, and since a ¢ A*, we have b ¢ A*. Consider an equality b = c¢d with
¢,d € A. Then a = ub = (uc)d. Since a is irreducible, either (uc) € A* ord € A*. Note
that if uc € A, then also ¢ = u~'uc € A*. This concludes the proof that b is irreducible.
The inverse implication follows by the symmetry of the argument in a and b.

Assume that a is prime. As before, this implies that b # 0 and b ¢ A*. Consider
a relation b|cd, i.e. cd = eb for some e € A. Then ucd = ea, i.e. a|(uc)d. Since a is
prime, we have aluc or ald, i.e. uc = ¢’'a or d = " a for some €', ¢” € A. If uc = ¢’a, then
¢ = ¢'b and thus blc. If d = ¢ a, then d = u~'¢"b and thus b|d. This shows that b is
prime. The inverse implication follows by the symmetry of the argument in a and b. [

Remark. Note that a ~ b implies that (a) = (b). If A is an integral domain, then the
converse is also true: if (a) = (b), then a ~ b. The proof is left as Exercise 1.16.

Definition 1.7.8. Let A be a ring and a € A. A factorization of a (into irreducible
elements) is an equation a = u[["_, f; where u € A* and fi,..., f, are irreducible. A
factorization into primes is a factorization a = u[[_, f; for which fi, ..., f, are prime
(and irreducible). A factorization a = u[]"_, f; is unique (up to associates) if for every
other factorization a = v[]", g;, there is a bijection ¢ : {1,...,n} — {1,...,m} such
that f; ~ g (;) foralli=1,...,n.

Lemma 1.7.9. Let A be an integral domain and a,b € A — {0}. A factorization of a into
primes is unique. The product ab has a factorization into primes if and only if both a
and b have factorizations into primes.

Proof. We begin with the uniqueness of a factorization into primes. Consider a factor-
ization a = u[[}_, f; into primes f; and a factorization a = v[]/_ , g; (into irreducible g;).
We prove by induction on n that f; ~ g,(;) for some bijection o : {1,...,n} — {1,...,m}.
If n=0, then a = u = v]]g; is a unit and therefore [Jg; = uv—! € AX, which is only
possible if m = 0 and a = v. This establishes the case n = 0.
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If n > 0, then f, divides u[] fi = a = v[]gi. Since f; is prime, Lemma 1.7.5 implies
that f,, divides g, for some k, i.e. gy = u, f, for some u, € A. Since g is irreducible
and f, ¢ A*, we conclude that u, € A*. This shows that f, ~ g;. Since A is an
integral domain, we can cancel the term f,, from the equation u[];_; fi = vitn fin [Ti2x g
which yields u]'[?;ll fi = (vun) [Tix &i- By the inductive hypothesis there is a bijection
o' {l,...,n—1} = {1,...,m} — {k} such that f; ~ g,(; fori € {1,...,n—1}. If we
extend o’ too : {1,...,n} = {1,...,m} with o(n) = k, then the induction claim follows
for n.

We turn to the second claim of the lemma. It is clear that if a and b have factorizations
into primes, then the product of the factorizations is a factorization of ab into primes.
For the converse implication, we consider a factorization ab = u[]_, f; into primes. We
prove the claim by induction on n. If n =0, then ab = u € A*, i.e. a and b are units and
have the tautological factorizations a = a and b = b into (an empty product of) primes.

If n > 0, then the prime element f,, divides ab, and thus f,|a or f,|b. By the symmetry
of the argument in @ and b, we can assume that f,|a, i.e. a = d' f,, for some @’ € A. Since
A is an integral domain, we can cancel the term f, in the equation o’ f,b = u[]}_, fi and
obtain a’b = u[]'~}' f;. By the inductive hypothesis, we have factorizations a’ = u'T] f!
and b = "] f! into primes. Thus also a = d'f,, = u'f, [ f/ is a factorization into
primes, which concludes the proof. [

Definition 1.7.10. A ring A satisfies the ascending chain condition for principal
ideals (for short, ACCP) if every sequence

<a1> C <a2> C <a3> cC .-

of inclusions of principal ideals becomes stationarys, i.e. that there exists an N > 1 such
that (a;) = (a;+) foralli > N.

Remark. By Lemma 1.6.2, the property ACCP can be reformulated as follows: for
every sequence of elements ay,da,,... € A such that a;;|a; for all i > 0, there is an
N > 1 such that a;|a;; for all i > N. If A is an integral domain, then a; 1 |a; and a;|a;;
implies a; ~ a;1; cf. Exercise 1.16.

Lemma 1.7.11. Let A be an integral domain that satisfies ACCP. Then every nonzero
element of A has a factorization.

Proof. Define S = {(a)|a € A— {0} does not have a factorization }. Note that if a ~ b,
then a has a factorization if and only if b does. Thus if S is empty, then every nonzero
element of A has a factorization, which is what we intend to prove.

Let us assume, by contradiction, that S is nonempty. Then S must contain a maximal
element since otherwise we could chose for every ideal (g;) € S a larger ideal (a;;1),
which defines an infinite properly growing sequence (a;) C (ap) € ---. But such a
sequence cannot exist since A satisfies ACCP. This shows that S contains a maximal
element (a), i.e. if (a) C (b), then b has a factorization.

Since every irreducible element f has a factorization, namely f = f, the element a
is not irreducible. Thus there exist nonunits b, ¢ € A such that @ = bc. In other words,
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(a) € (b) and (a) C (c). Thus (b) and (c) are not in S, i.e. b and ¢ have respective
factorizations b = u[] f; and ¢ = v[]g;. But then a = bc =[] f; - [] gi is a factorization
of a, which contradicts our assumption that (a) € S. This shows that S is empty and that

every nonzero element of A has a factorization, as claimed. L]

Without additional assumptions, the inverse implication does not hold, i.e. there are
integral domains for which every nonzero element has a factorization, but which fail to
satisfy ACCP. This gap is closed, however, for the following class of rings, which ties
together several concepts that we have introduced in the last sections.

Definition 1.7.12. A unique factorization domain (for short, UFD) is an integral
domain for which every nonzero element has a unique factorization.

Theorem 1.7.13. Let A be an integral domain. Then the following are equivalent.

(1) A is a unique factorization domain.

(2) Every nonzero element of A has a factorization into primes.

(3) Every nonzero prime ideal contains a prime element.

(4) A satisfies ACCP, and every irreducible element of A is prime.

(5) A satisfies ACCP, and every pair of elements of A has a greatest common divisor.

(6) A satisfies ACCP, and for all a,b € A and all factorizations a = u[]_, f; and
b =vII" gi, we have a|b if and only if there is an injection o : {1,...,n} —
{1,...,m} such that fi ~ g,(;y foralli=1,...,n.

Proof. We show the equivalence of the assertions of the theorem by first establishing
the circle of implications (1)=(6)=-(5)=-(4)=(1) and then establishing the circle of
implications (2)=(1)=-(3)=(2):

R
& o |
(©) 2

We begin with (1)=-(6). Assume that A is a unique factorization domain. In order to
verify ACCP, we consider an increasing sequence {a;) C {(ap) C --- of principal ideals
in A. We first observe that if all a; are zero, then ACCP is satisfied. Otherwise there
is a smallest i such that a; # 0. Then (a;) C (az) C --- satisfies ACCP if and only if
(ai) C (ajy1) C --- satisfies ACCP. Thus we can assume without loss of generality that
a 7é 0.

Let a; = u[]_, fi be a factorization. We prove ACCP by induction on n. If n =0,
then (a;) = A, and thus (a;) = A for all i > 1, which establishes ACCP for n = 0.

If n > 1, then ACCP is clear if (a;) = (a;) for all i > 1. If (a;) C (a;) for some
i > 1, then we have a; = cq; for some ¢ € A such that c is neither zero, since a; # 0,
nor a unit, since (a;) # (a;). Thus a factorization ¢ = v[]" | g; has m > 0 irreducible
factors. By the uniqueness of factorizations, this means that every factorization of a;
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has n —m < n factors. Thus the sequence (a;) C (a;11) C --- satisfies ACCP by the
inductive hypothesis, which implies ACCP for (a;) C (az) C ---, as desired.

In order to prove the characterization of divisibility in (6), we consider a,b € A
with respective factorizations a = u[]_, f; and b = v[];", g;. If there is an injection
o:{l,...,n} = {1,...,m} such that f; ~ g5(;), i.. g5(;) = wif; for some w; € A*, then

b=v[]e = vu u]Jwify) I gz = (vu 1sz I1 gz) a,
=1 -1

i¢im(c =1 i¢im(c

which shows that a/|b.

Conversely, . b=ca for some c € A. Let c = wazl h; be
a factorization of ¢. Then we obtain a factorization b = ca = (uw)[[h;[1f; of b.
The uniqueness of the factorization in A implies that f; ~ g,(; for some injection
o:{1,...,n} = {1,...,m}. This completes the proof of (1)=-(6).

We turn to (6)=-(5). By assumption, A satisfies ACCP, and by Lemma 1.7.11, every
element has a factorization. For establishing the existence of a greatest common divisor,
we investigate the notion of divisibility, under the conditions of (6), in more detail. To
begin with, we consider n > 0, an irreducible element f € A and an arbitrary nonzero
element b € A with factorization b = v[[/, g;. By (6), f"|b if and only if there is an
injection o : {1,...,n} — {1,...,m} such that f ~ g, foralli = 1,...,n. This shows
that the largest n such that /" divides bisn =#{i € {1, c.m}|gi~

For an irreducible element f € A and b € A — {0}, we define ord f(b) = max{n >
0 { f"|b} and conclude that f" divides b if and only if n < ord s (b).

If f ~ g, then we have f"|b if and only if g"|b. This leads to a characterization
of divisibility of b by an arbitrary nonzero element a with factorization a = u[[}_, f;.
Namely, the injection o : {1,...,n} — {1,...,m} in the characterization of a|b in (6)
restricts to injections

op: fie{l,....n}| i~ f} — {ie{1,...,m}|gi~ [}

for every irreducible element f € A. This shows for nonzero a and b that a|b if and only
if ord¢(a) < ords(b) for all irreducible f € A.

We conclude that given two nonzero elements a,b € A, an element d € A is a common
divisor of a and b if and only if ord (d) < ords(a) and ord¢(d) < ord(b) for all irre-
ducible f € A, and d is a greatest common divisor if ord ¢ (d) = min { ord¢(a),ord(b) }
for all irreducible f € A. Such an element d exists: we define S as the set of all irre-
ducible f € A such that yiy = min { ords(a),ords(b)} > 0 and let S’ C S be a complete
set of representatives for all association classes [f] = {g € | f ~ g} of elements f € S.
Then d = []cg f"/ is a greatest common divisor of a and b, which concludes the proof
(6)=(5).

We turn to (5)=-(4). By assumption, A satisfies ACCP, and by Lemma 1.7.11, every
element has a factorization. Let a € A be an irreducible element that divides a product
bc of two elements b, c € A, but not b. In order to prove that a is prime, we need to show
that ac.
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Let d be a common divisor of a and b, i.e. a =d'd and b =b'd. If d ¢ A*, then
a € A* since a is irreducible, and thus b = b'd = a(a’)~'b’, which is not possible since
a1b. We conclude that d € A*, and therefore it is in fact a greatest common divisor of a
and b, i.e. gced(a,b) = (d) = (1).

By contradiction, let us assume that a { c. Then we also have ged(a,c) = (1), which

has the following consequences. If d is a common divisor of a and bc, then also d|ba.
By Exercise 1.18, we have ged(ba,bc) = (b) ged(a,c) = (b), which implies that d|b.

Since ged(a,b) = (1), we have d ~ 1, i.e. gcd(a,be) = (1). But our assumption a|bc
implies that ged(a,bc) = (a) # (1), which is a contradiction. Thus we conclude that
a|c, which shows that a is prime and concludes the proof of (5)=-(4).

We turn to (4)=(1). By Lemma 1.7.11, ACCP implies that every element has a
factorization. Since all irreducible elements are prime, a factorization a = u[] f; is in
fact a factorization into primes. By Lemma 1.7.9, it is unique, which shows that A is a
unique factorization domain and completes (4)=-(1). Similarly, the implication (2)=-(1)
follows at once from Lemma 1.7.9.

We turn to (1)=>(3). Let I be a nonzero prime ideal of A and a € I — {0}, with

factorization a = u[] f;. Since [ is a prime ideal, it must contain one of the factors f;.

We have already proven the implication (1)=>(4), which shows that f; is prime, which
exhibits the desired prime element in /. Thus (1)=(3).

We turn to (3)=-(2). Let T be the set of all nonzero elements of A that do not have a
factorization into primes, together with 0. We need to show that 7 = {0}.

Consider a € T. By Lemma 1.7.9, we have ab € T for all b € A, which shows
that (a) C T. Let S be the set of of ideals I of A such that (@) C I C T, which is
partially ordered by inclusion. Then every chain C in S has an upper bound in S, namely
J =Ujec!. Indeed, it is clear that (a) C J C T and it is easily proven that J is an ideal
since C is totally ordered by inclusion. Thus Zorn’s Lemma (Theorem A.1.2) applies,
which shows that S has a maximal element /..

We claim that I, is a prime ideal. By contradiction assume that there are a,b €
A — Inax With ab € Iax. Then S contains neither (Inax U {a}) nor (Inax U{b}), which
means that there are elements ¢y, ¢y € Inax and dy,d, € A such that both s1 = ¢ +dja
and s, = ¢y +dob are in A — T, i.e. both s; and s, have factorizations into primes, and
so does the product s15>. On the other hand,

$182 = c1cy + dobcey + diacy + didrab
—~ O N

6I]’T'IaX 611‘1'121)( 6Il"l’laX 6IT]’laX

is an element of Iax, Which contradicts our assumption that Iy, C 7. Thus we conclude
that Inax 1s @ prime ideal.

Since f = f is tautologically a factorization into primes if f is prime, Iyn,x cannot
contain any prime element. By (3), this is only possible if In,x = {0}, which shows
that a = 0 and S = {0}. This completes the step (3)=-(2) and concludes the proof of the
theorem. Il

As a first consequence, we highlight the following auxiliary result that we have
established in the proof of Theorem 1.7.13. Let f € A be irreducible. We recall the
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definition
ords(a) = max{n>0|f"|a}

for a € A, and that ords(a) = ordg(a) if f ~ g. By Exercise 1.25, we have f ~ g
if (f) = (g), which reasons that ords(a) depends only on (f). This yields for every
principal prime ideal p = (f) of A the function ord, : A— {0} — Nthatsendsa € A— {0}
to the value ord,(a) = ords(a), which is called the order of a in p. We define P(A)
as the set of principal prime ideals of A and summarize the insights from the proof of
Theorem 1.7.13 as follows.

Corollary 1.7.14. Let A be a unique factorization domain and a,b,d € A. Then the
following hold:

(1) a|b if and only if ordy(a) < ordy(b) for all p € P(A);

(2) d is a greatest common divisor of a and b if and only if
ord, (d) = min { ord,(a),ord,(b) }
forall p € P(A). O
Corollary 1.7.15. Every principal ideal domain is a unique factorization domain.

Proof. Let A be a principal ideal domain. Then every nonzero prime ideal / of A is
generated by a single element a, which is prime by Lemma 1.7.5. Thus by Theorem
1.7.13, A is a unique factorization domain. ]

As we will see at a later point of this lecture, there are unique factorization domains
that are not principal ideal domains, as, for instance, Z[T] or polynomial rings in several
variables over a field. It takes some work, however, to prove that factorizations in these
rings are unique, which is why we postpone these examples to a later point. As an
exercise, we encourage the reader to show the easier parts of our claim: Z[T]| is an
integral domain in which every element has a factorization (into irreducible elements),
but that is not a principal ideal domain.

To conclude this section, we use our results about unique factorization domains
to deduce a proof for the Fundamental Theorem of Arithmetic (Theorem 1.7.1) and
Euclid’s Lemma (Theorem 1.7.2).

Corollary 1.7.16. Every positive integer n can be written as a product n = py---p,
for uniquely determined prime numbers p1, ..., pn, up to a permutation of indices, and
every prime number is a prime element of .

Proof. As a Euclidean domain, Z is a principal ideal domain by Proposition 1.6.7 and
thus a unique factorization domain by Corollary 1.7.15. Therefore every positive integer
a € 7 admits a unique factorization n = u[]_, p; into irreducible elements p; € Z. Note
that Z* = {£1}, and thus [p] = {£p} for every irreducible element p. As explained in
Example 1.7.4, prime numbers are the same thing as positive irreducible elements in
Z, and thus [p] has a unique representative that is a prime number, namely the positive
integer among p and — p. After multiplying all negative p; with —1, we can assume that



1.8. Localizations

33

all p; are positive and thus prime numbers. Consequently also the unit u € Z* = {+1}
is positive, i.e. u = 1. This shows that n = p; - - - p, is a decomposition of n into prime
numbers that is unique up to a permutation of the indices, which establishes our first
claim, which is the Fundamental Theorem of Arithmetic.

By Theorem 1.7.13, every irreducible element of Z is a prime element. With this,
Euclid’s Lemma follows from the very definition of a prime element. [

1.8 Localizations

In this section, we generalize the construction of the rational numbers from the integers
to arbitrary rings, which is called a localization. Before we explain this in general, let us
review the construction of the rational numbers.

The rational numbers Q are defined as all fractions { of integers a,s € Z where s # 0,
subject to the following rules:

a ta a b ra+sb a b ab
s t s t

ts’ s st st
forall a,b € Z and s,t € Z —{0}. The first rule identifies certain fractions, the latter two
rules define addition and multiplication, respectively. We observe that the association
a — 7 defines a ring homomorphism ¢ : Z — Q, and that the image 7 of every nonzero
element a € Z in Q has a multiplicative inverse, which is é

In the following definition, we generalize this to arbitrary rings. Recall from Defini-
tion 1.3.13 that a multiplicative subset of a ring A is a subset S that contains 1 and ab for

all a,b € 8.

Definition 1.8.1. Let A be a ring and S a multiplicative subset. The localization of A at
S is the set

S7IA = (SxA)/~= {%|acA,seS}

where ~ is the equivalence relation on A x S that is defines by (s,a) ~ (s',a’) if and only
if there is an ¢ € S such that tsa’ = ts’a and where ¢ = [(s,a)] denotes the equivalence
class of (s,a), together with the addition

F: slAxslA — s4
(%7%) — ta;:sb

and the multiplication

oSTlAxSTIA — STlA
b b
§:7)  —  F
Lemma 1.8.2. Let A be a ring and S a multiplicative subset. Then the localization
S~1A is a well-defined ring, and the association a — { defines a ring homomorphism
Ls 1A — STIA with 15(S) C (S71A)*.
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Proof. We begin with the verification that ~ is indeed an equivalence relation on
AxS. Leta,d,d’ € Aands,s' s" € S. Since 1sa = 1sa, we have (s,a) ~ (s,a), which
shows that ~ is reflective. Assume that (s,a) ~ (s',d’), i.e. tsa’ =ts'a for some ¢ € S.
Then ts'a = tsa’ and (s',d’) ~ (s, ), which shows that ~ is symmetric. Assume that
(s,a) ~ (s',d") and (s',d") ~ (s",d"), i.e. tsd —tsa and t's'a” =1t's"d for some r,t’ € S.
Then 11's’ € S and (¢t's")s"a = tt’s”sa = (tt's")sa”, which shows that (s,a) ~ (s”,d")
and that ~ is transitive. This shows that ~ is indeed an equivalence relation.

We continue with the verification that + and ~ are well-defined as maps. Consider

It’, ,i.e. usa’ = us'a and vtb' = vt'b for some u,v € S. Then

a b
s—s,and =

uv(ta+ sb)s't’ = vit' (us'a) +uss'(vt'b) = vtt' (usa') + uss’(vtb') = uv(t'a’ + s'b')st
which shows that 432 = € 18 anq
uvs't'ab = uvstd'b’,

which shows that %7? = “,Ab This verifies that both + and ~ are well-defined maps.
We turn to the verification that S~!A is a ring with respect to the addition + and the
multiplication *. The additive unit is % since

a.0 s-0+1-a a
__|__ —_
s 1 s-1 K

Y

and the multiplicative unit is % since

al al a

s1  s-1 s
forall a € A and s € S. The additive inverse of%is ’T“ since
a,—a as—as 0 B 0
s s sS s 1

where we use in the last step that 1-1-0=1-s5-0. We leave the associativity and
commutativity of both operations as an exercise, as well as the distributivity.

We continue with the verification that 15 : A — S~!A is a ring homomorphism with
ts(S) C (S7'A)*. We have already shown that ¢5(1) = 1 is the multiplicative unit of
S~1A. For a,b € A, we have

a+b l-a+1-b a.b A
b = = = -4 - = b
ts(a+D) 1 1 171 ts(a)+es(b)
and 5 b
a a- a, R
islab) = + = 77 = 777 = wla)is(b)
which verifies that ¢g is a ring homomorphism. For s € S, we have
N! s, 1 l- 1
S S T |

where we use in the last equality that 1-1-(1-s) = 1-(s-1)- 1. Thus ¢5(S) C (S~'A)*,
which concludes the proof of the lemma. ]
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Remark. In the following, we simply write sums and products in S~"A simply as 7 + 7

and - ?, respectively.

Example 1.8.3. We describe some examples of localizations.

(1) To begin with consider A = Z and the multiplicative subset S = Z — {0}. Then
S~1A recovers the construction of the rational numbers Q.

(2) The integers have also other multiplicative subsets. For & € Z, we can consider
S={1,h,h%,...,} and find

§'%2 = {£e€QlacZ,i>0}.

For a prime number p € Z, we can consider S = Z — (p), which is multiplicatively
closed since (p) is a prime ideal, and find

s~z = {% GQ‘a,sEZsuchthath(s}.

(3) The Gaussian numbers Q[i] are the localization of the Gaussian integers Z[i| at
S =7Z[i] —{0}.

Lemma 1.8.4. Let A be a ring and S a multiplicative subset. Then the following hold
true.

(1) Forall a,b € A and s,t € S, we have

a ta a
S S

a b a+b
ts’ s

=1, 4+

Q |«
o

(2) IfO €S, then S~'A = {0}.

(3) IfA is an integral domain and O ¢ S, then 15 : A — S~A is an injection.
Proof. The proof is left as Exercise 1.32. O

Proposition 1.8.5. Let A be a ring and S a multiplicative subset. Then the localization
S~1A together with 15 : A — S™'A satisfies the following universal property: for every
ring B and every ring homomorphism f : A — B with f(A) C B*, there is a unique ring
homomorphism fs: S™'A — B such that f = fso s, i.e. the diagram

commutes.
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Proof. We begin with the claim of uniqueness. Assume that fs: S~'A — B is a ring
homomorphism such that f = fsous. Since (1)~! =% in S~1A, we have fs(1) = f5(3) !
and thus

f5(5) = fs5-9) = K7 = F9)7 @)
forall { € S~'A, which shows that fs is uniquely determined by f.

We claim that the association ¢ — f(s)~! f(a) describes a well-defined ring homo-
morphism fs: ST'A — B. Once we have proven this, it follows that fso ws(a) = fs(§) =
f(1)~1f(a) = f(a) for all a € A, as desired.

We begin with the verification that fs is well-defined as a map. Consider § = ?—/l,
i.e. tsa’ = ts'a for some r € S. Then f(t)f(s)f(d') = f(¢)f(s')f(a) in B, and after
multiplying this equality with £(z)~! f(s)~' f(s')~', which is possible since f(S) C B*,
we obtain

f5(§) = f5)" fla) = f(5)'f(d) = fs(%).
This shows that the definition of f5 does not depend on the choice of representative (s,a)
foraclass ¢ =[(s,a)] € ST'A=85xA/ ~.

We continue with the verification that fg is a ring homomorphism. Clearly fS(%) =
F()7Lf(1) = 1. Given 4,2 € B, we have

fs(§+7) = (480 = ()7 )7 (f(0)f(a) + f(5)£())
= f(s)"'f(a )+f() L) = fs(§)+fs

(),
fs(5-9) = f5(9) = f&)7 FO) T f@)f(0) = fs(§)-f5(2),
which shows that fg is a ring homomorphism and concludes the proof. [

There are certain types of localizations that are of particular interest, and generalize
constructions from Example 1.8.3.

Definition 1.8.6. Let A be a ring. For & € A, we define the localization of A at / as
A[h~1] = S7'A where S = {h'},cn. For a prime ideal p of A, we define localization of
AatpasA, =S"'A where S =A —p. If A is an integral domain, and thus (0) a prime
ideal, we define the field of fractions of A as FracA = A g).

Remark. In the context of Definition 1.8.6, we remark that / is multiplicatively in-
vertible in A[h~!] with inverse h~! = % The field of fractions FracA is indeed a field
since if % is nonzero in FracA, then a is nonzero in the integral domain A. Thus 5 1S an
element of FracA and a multiplicative inverse of <.

In the final part of this section, we study the structure of localizations at prime ideals.
Definition 1.8.7. A local ring is a ring A with a unique maximal ideal.

Lemma 1.8.8. Let A be a local ring with maximal ideal m. Then A* = A —m.
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Proof. Since m is a proper ideal, it does not contain a unit, and thus A* C A —m.

Conversely, consider a € A —m. Then (a) is not contained in m. Since every proper
ideal is contained in the unique maximal ideal m by Exercise 1.23, we conclude that
(a) = (1), i.e. ab =1 for some b € A. This shows thata € A*. Thus A —m C A*, which
concludes the proof. O]

Lemma 1.8.9. Let A be a ring and p a prime ideal of A. Then Ay is a local ring with
maximal ideal pA, = {‘f |a eEp,seA —p}.

Proof. We begin with the verification that pA, = {‘E’ |a Ep,sEA— p} is an ideal.

Clearly, it contains the zero % of Ay. Given %,? € pAy and § € Ay, both

C ac
r sr

= and
St

a b ta—+sb a
s t s

are in pAy since ta+ sb,ac € p and st,sr € A —p. Thus pA, is an ideal.

If ¢ € pAy, then 4 = ?_’, for some @’ € p and s’ € A —p. Thus tsa’ = ts'a for some
t€A—p. Since d € p, alsots’'a=tsa’ € p. Since t,s' ¢ p and p is a prime ideal, we
conclude that a € p. As a result, we conclude that pA, does not contain a unit and thus
is a proper ideal.

On the other hand, if % € Ap — pAy, then a € A —p, and thus Ay contains the element
=, which is a multiplicative inverse of £. This shows that pA, = A, —Apx. We conclude
that every ideal I of A, that is not contained in pA, contains a unit, i.e. I = Ay, which
shows that pA,, is the unique maximal ideal of Ay. O]

1.9 Polynomial rings in several variables

In this section, we introduce polynomial rings in several variables. This requires some
notation. Let / be a set. We define

DN = {(ei)ieIEHN

icl iel

e; = 0 for all but finitely many i € / },

which is a monoid with respect to the componentwise addition (e;) + (f;) = (e; + f;). We
often write e = (e;);cs for elements of @;.;N. An indexed set is a bijection 7: 1 — S
between sets I and S where I is called the index set. Equivalently, we can write S as
{T;}ic; where T; = 7(i). From a given indexed set {T;};c; we derive another indexed set

{I€}§€®561N-

Definition 1.9.1. Let A be a ring and {7;};c; an indexed set. The polynomial ring in
{T;}icr over A is the set

AlTliel] = { Y, acT¢ agGA,ag:Oforallbutﬁnitelymanyg6@N},

ec@N il
iel
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together with the addition

+: A[Tlie|xA[T)iel] — A[T]iel]
(LaeTs Y bT¢)  — Y(ae+be)T¢

and the multiplication

A[Tie | < A[Ticl] — AlTili € 1.

(Z%Z%Zbglg) — Yy ( ) aib )T*
ec@DN N f+g=e

Lemma 1.9.2. Let A be a ring and {T;}ic; an indexed set. Then A[T;|i € I| is a ring. For
a €A, let(a) =Y a,T¢ be the element of A[T;|i € I| with a, = a if e = (e;)icy with e; =0
foralli eI and a, = 0 otherwise. This defines a ring homomorphism v : A — A[T;i € I].

Proof. We leave the proof as Exercise 1.33. [

Remark. We make a few observations.

)

2)

3)

If the indexed set {7;};c; has only one element 7; = T, then we recover the
definition of the polynomial ring in one variable 7' from Definition 1.3.11. More
precisely, the map
AlTlliel] — A[T]
YaJT¢ +—— Y a;T!

is an isomorphism of rings for every ring A if #/ = 1.

If I={1,...,n}, then we also write A[T7,...,T,] for A[T;|i € I], and call this ring
the polynomial ring in n variables 77,...,7, over A. In this case, we also write
T(' - T for TC.

For arbitrary A and I, we write T; for the element 7¢ with e; = 1 if j =i and
ej = 0 if j#i. This realizes {7;}ic; as a subset of A[Tj|i € I], and we write
v {Ti}ier — A[Ti|i € I] for the inclusion. Elements of this form are called
indeterminates or variables.

Further, we write T . T, ‘i for an element T¢ where {i1,...,i,} is a finite subset
of I that contains all i€ I for which e; # 0. Elements of this form are called
monomials.

We also think of A as a subring of A[T;|i € I], with respect to the inclusion ¢ from
Lemma 1.9.2, and we write a for ¢(a), by abuse of notation.

This notation extends to all elements of A[T;|i € I], which are sums of mono-
mials and which are called polynomials. Typical examples of polynomials in
R[Ty,T», T3] are T{ — Ti T> and Tp + 2.

Sometimes, we use different symbols than 7; for the indeterminates, such as in
X2 +Y?—1, considered as an element of R[X,Y,Z].
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Proposition 1.9.3. Let A be a ring and {T;}ic; an indexed set. The polynomial ring
A[T;|i € I] together with the inclusions 1 : A — A[T;|i € I] and vy : {T;}ic; — A[T;|i € 1]
satisfies the following universal property: for every ring homomorphisms f : A — B and
every map fi: {T;}ic; — B, there is a unique ring homomorphism F : A[T;|i € I| — B
such that f = F ovand f;y = F oy, i.e. the diagrams

fi
A N {TiYier —————= B
| O |0
AlTi|i 1] and AlTi|i €1]

commute.

Proof. If F exists, then f = F o and f; = F o imply for every polynomial ) a,T¢ €
A[T;|i € I] that
F(Y aT®) =Y Fla) [TF(T)" = Y fla) [T (T
i€ly i€ly

where I is the finite set of all i € I for which e; # 0. This shows that F is uniquely
determined if it exists.

Assuming that the association Y. a,T¢ — Y. f(ae) [1ics, f1(Ti)¢ defines a ring homo-
morphism F : A[T;|i € I| — B, it follows that F o .(a) = F(a) = f(a) for all a € A and
Fou(T;) = F(T;) = fi(T;) for all i € I, as desired.

We turn to the verification that F is indeed a ring homomorphism. Clearly, F(1) =
f(1) = 1. Given two polynomials Y a,T¢ and ) b,T<, we have

F(Lalt+EbTe) = X flac+b)TLA(T)
= L Fao) LAY+ £ (b TLA(T)"
= F(Zagzg)+F<Zng§)7
F(Eare)-(xo19)) = £( £ flap) (b)) AT

= (@ TA(T)) - (LS TLAT))
= F(La)-F(Lber),

which shows that F is a ring homomorphism and completes the proof. [

1.10 Field extensions

In this section, we study roots of polynomials. The theory that we have developed in
the previous sections allows for a very powerful reinterpretation of the evaluation of a
polynomial in an element, which we explain in the example of a polynomial f = ¥ ¢;T"
with coefficients ¢; in a ring A. The value of f in an element a is usually defined as

f(a) = Zciai7
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where we replace the symbol T in Y ¢;T? by the element a of A and interpret the
resulting term Y c;a’ as an element of A, using the addition and multiplication of A. If
ev, : A[T] — A is the unique ring homomorphism that extends id4 : A = A by ev,(T) = a,

hen
t eve(f) = eva<2ciTi> = Zcieva(T)i = Zciai = f(a).

The reinterpretation of f(a) as ev,(f) is a powerful approach to study roots of polyno-
mials and leads to the following generalization of the concept of values of polynomials.

Definition 1.10.1. Let « : A — B be ring homomorphism, f € A[T] and a € B. Let
eVa,q : A[T| — B be the ring homomorphism with ev,, 4(7') = a and whose restriction to
A is o. We define the value of f in a (with respect to o) as f(a) =evq 4(f). We say
that a is a root of f if f(a) = 0.

Notation. Often o will be the identity map id4 : A — A or the embedding of a subring
A into a ring B. Usually, we take the ring homomorphism « as given and suppress it
from the notation, i.e. we write ev, : A[T] — B and say that f(a) = ev,(f) is the value
of f in a if « is apparent from the context.

Lemma 1.10.2. Let «: A — B and 3 : B— C be a ring homomorphisms, f € A[T| and
a € B a root of f with respect to . Then ((a) is a root of f with respect to foa: A — C.

Proof. If ais aroot of f, then ev, 4 : A[T] — B sends f to 0 by the definition of a root.
By the universal property of polynomial rings (Proposition 1.3.12), evge g(a) 1 A [T]—C
is equal to Soevy . Thus we have evg,q g()(f) = B(evaa(f)) = B(0) = 0, which
shows that 3(a) is a root of f, as claimed. O

Proposition 1.10.3. Let K be a field, f € K[T] a polynomial of positive degree and
a € K a root of f. Then there is a unique polynomial g € K[T| such that f = (T —a)g,
and this polynomial has degree degg = deg f — 1.

Proof. The uniqueness of g is clear since K[T| is an integral domain and thus the
multiplication by T — a is injective. It is also clear that deg f = deg(T —a) + degg =
1+deggif f=(T—a)g.

As our next step, we show that ker(ev,) = (T —a). Since ev,(T —a) =a—a =0,
we have (T —a) C ker(ev,). To prove the inverse inclusion, note that 7 — a is irreducible
in K[T], cf. Example 1.7.4. Since K[T| is a principal ideal domain, cf. Example 1.6.4
and Proposition 1.6.7, the ideal (T — a) generated by T — a is maximal, cf. Exercise 1.24.
Since ev, (1) = 1, the ideal ker(ev,) is proper, and thus (T —a) C ker(ev,) implies that
ker(ev,) = (T —a).

By our assumptions, ev,(f) = f(a) = 0, which means that f € ker(ev,) = (T —a).
Thus f = (T —a)g for some g € K[T], as desired, which concludes the proof. O

Remark. In fact, the polynomial g with f = (T —a)g in Proposition 1.10.3 can be
found by using polynomial division.

Corollary 1.10.4. Let A be an integral domain and f € A[T| a nonzero polynomial of
degree n. Then f has at most n pairwise distinct roots in A.
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Proof. If f has has k pairwise distinct zeros ay,...,a; € A, then by Lemma 1.10.2 also
T “—1" € FracA are k pairwise distinct roots of f. Thus we can assume without loss
of generality that A = K is a field.

We prove the result by induction on n = deg f. If n = 0, then f = b is a nonzero
constant, which has no root in K.

If n > 0 and a is a root of f, then Proposition 1.10.3 implies that f = (T — a)g for
some g € K[T] with degg = deg f — 1. If b is a another root of f, then ev,(T —a) -
evy(g) = evy(f) =0, and thus either ev, (T —a) =0, i.e. b=a, orevy(g) =0, i.e. b is
aroot of g. By the inductive hypothesis, g has at most n — 1 pairwise distinct roots in K,
which implies that f has at most n distinct roots, as claimed. ]

Definition 1.10.5. A field extension is a ring homomorphism « : K — L of fields. The
degree of L over K is the dimension [L : K] = dimg L of L as a K-vector space. A field
extension « : K — L is finite if [L : K] is finite.

Notation. We write L/K for a field extension if « is clear from the context. We also say
that L is an extension field of K. Note that a field extension « : K — L is injective, cf.
Exercise 1.15.

Proposition 1.10.6. Let K be a field and f € K[T| an irreducible polynomial. Then
L=K|[T]/{f) is a field and the canonical homomorphism « : K — K[T] — L is a field
extension. The class T of T in L is a root of f. If 3 : K — A is a ring homomorphism

and a € A is a root of f with respect to B, then there is a unique ring homomorphism
B:L—Awith3=Boaand 3(T) = a.

Proof. Since K[T] is a principal domain, cf. Example 1.6.4 and Proposition 1.6.7, the
irreducible polynomial f generates a maximal ideal (f), cf. Exercise 1.24. By Lemma
1.3.14, L= K|[T]/{f) is a field, and thus « : K — L a field extension. By definition
of L =K][T]/{f), the quotient map evs : K[T] — L maps f to evz(f) = f =0, i.e.
T = evy(T) is aroot of f.

By the universal property of polynomial rings (Proposition 1.9.3), a ring homo-
morphism 3 : K — A and an element a € B determine a unique ring homomorphism
5 K[T] — B with B|x = 8 and 3(T) = a. If a is a root of f, then (f) C ker(evy).
Thus the universal property of the quotient evy : K[T| — L (Proposition 1.3.8), implies
that there is a unique morphism j such that 3 = 3oevy, and thus 8 = Foa, and
B(T) = a. O

Corollary 1.10.7. Let K be a field and f € K[T| a polynomial of positive degree. Then
there is a field extension L/K that contains a root a € L of f.

Proof. Since K[T] is a unique factorization domain, f has a factorization into irreducible
elements. Let fj be an irreducible divisor of f and L = K|[T'|/(fo). By Proposition 1.10.6,
L is a field extension of K and the class T of T in L is a root of fy. Thus fy € ker(evy)
and also f € ker(evy), which shows that T € L is a root of f. O

Definition 1.10.8. A field K is algebraically closed if every polynomial f € K[T| of
positive degree has a root in K.
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Example 1.10.9. The fundamental theorem of algebra asserts that C is algebraically
closed.

Proposition 1.10.10. Let K be an algebraically closed field.

(1) For every polynomial f € K[T] of degree n, there are elements u,ay,...,a, € K
such that f = ull (T —a;).

(2) Every finite field extension K — L is an isomorphism.

Proof. We prove (1) the claim by induction inn =deg f. If n =0, then f =u € K. If
n > 0, then f has aroot a, € K since K is algebraically closed. By Proposition 1.10.6,
f = (T —ay)g for a polynomial g € K[T| of degree n — 1. By the inductive hypothesis,
g =ull"-}(T —ay), and thus f = uJT"_,(T — ay), as claimed.

To prove (2), consider a finite field extension o : K — L and a € L, which determines
a morphism ev, : K[T] — L that extends o and maps T to a by the universal property of
polynomial rings (Proposition 1.9.3). The subring im(ev,) of L is an integral domain
and thus ker(ev,) a prime ideal of K[T] by Lemma 1.3.14. Since K[T] = @;50K - T"
is a K-vector space of infinite dimension, but dimg L is finite, ev, cannot be injective.
Since K|[T] is a principal ideal domain, the nonzero prime ideal ker(ev,) is generated
by an irreducible polynomial f € K[T], cf.. By (1), f = u(T — b) for some u,b € K, i.e.
eva(T —b) = 0. We conclude that a(b) = evy (T — (T — b)) =evy(T) —evy(T —b) =a.
This shows that the injective ring homomorphism « : K — L is surjective and thus an
isomorphism, as claimed. ]

1.11 Gauss’s lemma and polynomial rings over unique
factorization domains

In this section, we study Gauss’s lemma and apply it to prove that polynomial rings over
unique factorization domains are again unique factorization domains. Throughout the
section, A is a unique factorization domain and K = FracA its field of fractions. We
consider A as a subring of K and write a for 7 € K.

Recall from Section 1.7, in particular see Corollary 1.7.14, that P(A) is the set of
principal prime ideals of A and that we define for every p = (f) in P(A) the function
ord, : A — {0} — N with values ord, (a) = max{n > 0| f*|a}, which we call the order
ofainp.

Recall further that if a = u[] p; is a factorization into prime elements p; € A, then
ordy(a) = #{i | (p;) = p} is the number of prime factors p; in this factorization that
generate p. Since these numbers add up in products, we gain the formula

ordy(ab) = ordy(a)+ord,(b).

The main result of this section, Gauss’s lemma, extends this formula to the content of
polynomials over K.
As a first step, we generalize the concept of the order in p to K and K[T.
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Definition 1.11.1. Letp € P(A) and § € K*. The order of  in p is

ord, (g) = ordy(a) — ord,(b).
Let f = Y. ¢;T' be a nonzero polynomial in K[T] of degree n. The order of f in p is

ord,(f) = i_r{)linn {ordy(c)}.

=VU,...,

Remark. The value ord, (7 ) is well-defined, as can be seen as follows. If § = Zi: in K,
i.e. ab' = d'b in A, then ordy(a) +ord,(b’) = ord,(d’) + ord, (b) and thus

ordy(5) = ordy(a) —ordy(b) = ordy(a’) —ord,(b') = ordp(%;),
which shows that ord, (%) does not dependent on the representative for 7.

Example 1.11.2. Let A = Z and K = Q. Consider a prime number p € Z and the prime
ideal p = (p). Then we have ordy(ap’) =i for all i > 0 and a € Z such that p { a. Thus
ord,(4p') =iforalli € Z and a,b € Z with p{ ab.

As an example, we examine the orders of the polynomial f = 672 + %T -9€Q[T):

ord<2>(f) = —1, ord<3>(f) =1, and 01'd<p>(f) =0
for all prime numbers p > 5.

Definition 1.11.3. A principal fractional ideal of A is a subset of K of the form
(a)gs ={ca € K | c € A} for some a € K. Given two principal fractional ideals / and J
of A, we define their product as the principal fractional ideal

I[-J ={ablacl,beJ}.

Given a prime ideal p = (p) and n € Z, we define its n-th power as the principal fractional
ideal p" = (p")4.

Remark. Note that if I = (a)4 and J = (b)4 for some a,b € K, then I -J = (ab) 4, which
shows that 7 - J is indeed a principal fractional ideal. Note further that this coincides with
the usual product of ideals if I and J are ideals of A. Similarly, p" is the usual n-fold
self-product of p if n is positive. Finally we note that a principal fractional ideal I of A is
an ideal of A if and only if I C A.

Example 1.11.4. Let A = Z and K = Q. The principal fractional ideal generated by
5 €Q"is

(pz = {F €Qlnel}
which is the additive subgroup of Q generated by 7. If p € Zis prime, then (p),, = (
If

1

a _ piopr a B ~
- = th — = r . .
b qi-- .qs7 en <b>Z <p1>Z <p >Z <q1>Z <qS>Z

p>Z'
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We finally are prepared to introduce the central concept of this section, which is the
content of a polynomial.

Definition 1.11.5. Let f € K[T] be a nonzero polynomial. The content of f is the

principal fractional ideal _
cont(f) = T »"®),
peP(A)
and f is primitive if cont(f) = (1)4.

Remark. Note that the product [ | pordp (/) in the definition of the content of a polynomial
f € K|[T] is finite since for every nonzero a € A with factorization a = u[] p;, there are
only finitely many p € P(A) such that ord,(a) =#{p; | p = (p;) } is nonzero.

Choose a generator py, for every p € P(A). Since (a) - (b) = (ab), we have

cont(f) = < I1 pgrd”(f)>A.

peP(A)

In the literature, sometimes the content of a polynomial is defined as the element
I1 pgrdp Y ), which is an element of K that is well-defined up to taking associates. This is
particularly appealing if there a natural choices of generators of prime ideals, such as

the positive prime numbers in Z.

Example 1.11.6. Let A = Z and K = Q. Consider the polynomial f = 672 + %T -9
from Example 1.11.2. Its content is

cont(f) = [ p"®) = 2)7'-(3)z = (3),-

peP(Z)
An example of a primitive polynomial is f = 672 + 2T —9.
Lemma 1.11.7. Consider a € K* and f € K[T|. Then the following hold true:

(1) a € A if and only if ordy,(a) > 0 for all p € P(A);
(2) a € A* ifand only if ordy(a) =0 for all p € P(A);
(3) f € A[T] if and only if cont(f) C A;

(4) cont(af) = (a)a-cont(f);

(5) cont(a) = (a)a.

Proof. Leta = [Z)- with b,c € A. Then lz’_ € A if and only if ¢|b, which is equivalent with
ordy(a) = ordy(b) —ordy(c) > 0 for all P(A) by Corollary 1.7.14. Thus (1). Since
l—c’ € A if and only if b|c and c|b, this implies (2) at once.

If f € A[T], then ord,(f) = 0 for all p € P(A) and thus cont(f) C A. Conversely,

assume that cont(f) C A. As remarked before, cont(f) = ([] pgrd" Y )> where the

product is taken over all p € P(A) such that ord,(f) # 0 and pj is a chosen generator

of each p. Thus we have cont(f) C A if and only if [] pgrdp ) e A, which is the case if
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and only if ord, (f) > 0 for all p € P(A). This can only happen if all coefficients a; of f
have positive order ord,(g;) in all p € P(A), i.e. a; € A. This shows that f € A[T]. Thus

(3).

Since ordy, (ac;) = ordy(a) +ordy(c;) for every coefficient ¢; of f =Y ¢;T", we have

cont(af) — < H pgrdp(af)> _ < H pgrdp(a)+ordp(f)>

ordy (af)#0 ordy (af)#0
dy (a d
=( I w7 I »™") = @a-cont(s)
ordy (a)#0 ordy (f)#0

where py is a generator of p. This shows (4).
In particular, (4) implies cont(a) = (a)4 -cont(1) = (a)4 - (1) = (a)4, which shows
(5) and concludes the proof. [l

Theorem 1.11.8 (Gauss’s lemma). Let f,g € K[T| be nonzero polynomials. Then

cont(fg) = cont(f)-cont(g).

Proof. Let p € P(A). We begin with the proof of the claim that if f,g € A[T] and
ord,(f) = ordy(g) = 0, then ord,(fg) = 0. To this end, we consider the ring homo-
morphism « : A[T] — (A/p)[T] that sends a polynomial f =Y ¢;T" to f = Y. &;T' where
¢; € A/p is image of ¢; under the canonical surjection A — A /p. Thus if f =Y ¢;T", then
ord, (¥ ¢;T") = 0 if and only if ¢; & p for some i, which is the case if and only if ¢; # 0
for some i, i.e. f# 0 in (A/p)[T]. Thus ord,(f) = ord,(g) = 0 implies that f and g
are nonzero in (A/p)[T]. Since p is a prime ideal, A/p is an integral domain, and so is
(A/p)[T]. Thus fg # 0, which means that ord,(fg) = 0, as claimed.

Consider arbitrary nonzero f,g € K[T] and let cy,c, € K™ be generators of the
content of f and g, respectively, i.e. cont(f) = (cr)a and cont(g) = (cg)a. Then
fo= c;]f and go = c;lg have content cont( fy) = (c), ' cont(f) = (1) and cont(go) =
(cg) ' cont(g) = (1). By Lemma 1.11.7, fo,g0 € A[T] and ord,(fo) = ordy(go) = 0
for all p € P(A). By what we have proven before, ordy (fogo) = 0 for all p € P(A), and
thus

cont(fg) = (cseg)a-cont(fogo) = (cs)a-(cg)la = cont(f)-cont(g),
=(1)

which completes the proof. []

Theorem 1.11.9. Let A be a unique factorization domain and K = FracA. Then A[T] is
a unique factorization domain whose prime elements are the prime elements of A and
the primitive irreducible polynomials in K[T].

Proof. Since A is an integral domain, deg(fg) = deg f +degg forall f,g € A[T|. Thus,
in particular, A[T]* = A*.

Let p € A be irreducible and p = gh a factorization in A[T]. Then g, € A and thus
g €A™ or h € A* since p is irreducible. This shows that p is irreducible in A[T].
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Let f € K[T|] be a primitive irreducible polynomial and f = gh a factorization with
g,h € A[T]. Since f is irreducible, g € K* or h € K*. Without loss of generality, we may
assume that g € K*, i.e. in fact g € A — {0}. By Lemma 1.11.7 (5), we have cont(g) =
(g)a. Since cont(g) - cont(h) = cont(f) = (1) by Gauss’s lemma (Theorem 1.11.8) and
both cont(g) and cont(h) are contained in A, we must have cont(g) = cont(h) = (1).
Thus (g) = (1), which shows that g € A*. This shows that f is irreducible in A[T].

Our next step is to show that every nonzero polynomial f € A[T] has a factorization
into irreducible elements of the exhibited forms. Let f = u[]g; be a factorization in
K|[T],i.e.u € K* and g; € K[T] are irreducible. We let ¢; € K* be elements such that
cont(g;) = {c;) and define g; o = ¢; ' g;, which are polynomials of content (1) and thus
primitive and in A[T']. Since g; o and g; are associated in K[T], g; o is irreducible in K[T,
and since it is primitive, it is irreducible in A[T'|, as shown above. If uy = []c;, then
f=upllgio- By Gauss’s lemma (Theorem 1.11.8), we have

= contg;p = cont i0) = cont C A,
(o) = (uo) [ | i’ 0 (u0]Ji0) (f)
=(1

which shows that ug € A. Let ug = v[] p; be a factorization into irreducible elements
pi in A, which are irreducible in A[T] by what we have shown above. This yields the
factorization f = v[]pi[1gio of f in A[T]. We conclude that every nonzero polynomial
of A[T] has a factorization into irreducible factors of the exhibited forms.

Moreover, we conclude that we have found all irreducible elements of A[T'|. Indeed,
let f € A[T] be irreducible and f = u[]g; a factorization into irreducible elements of
the exhibited forms. Since f is irreducible, this factorization contains precisely one
irreducible factor g, which is either a prime in A or a primitive irreducible polynomial
in K[T]. Thus f = ug; is of this form as well.

We conclude the proof by establishing the uniqueness of factorizations. Consider

two factorizations
r n S m
f=ullri[1ei = v]]a [h
i=1  i=1 i=1 =1

where p;, q; € A are prime and g;, h; € K[T| are primitive and irreducible. Then i = u[] p;
and ¥ = v[]g; are in K* and thus f = ii[]g; = V[] ; are factorizations in K[T]. Since
K[T] is a unique factorization domain, there is a bijection o : {1,...,n} — {1,...,m}
such that g; ~ ;) foralli =1,...,n. Thus []g; = w][]4; for some w € K*. By Gauss’s
lemma (Theorem 1.11.8) and Lemma 1.11.7 (5), we have [Jcont(g;) = (w)4 - [ cont(h;).
Since cont(g;) = cont(h;) = (1), we have (w)4 = (1) and thus w € A*. Since A[T] is
an integral domain, we can cancel the factor []/; in the equality

r n r n N n
u [Ipi (W Hhi> = u[]pi [1&i = vI]a [Th
i=1 i=1 =1 =l =1 =

which yields that equality (uw) ] p; = v[1g;. Since A is a unique factorization domain,
there is a bijection 7 : {1,...,r} — {1,...,s} such that p; ~ g, foralli=1,...,r.
This shows that f has a unique factorization and concludes the proof of the theorem. [
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Corollary 1.11.10. Let A be a unique factorization domain andn > 1. Then A[Ty, ..., T,]
is a unique factorization domain.

Proof. This follows immediately by induction over n from Theorem 1.11.9. ]

1.12 Irreducibility criteria

In this section, we develop some criteria for the irreducibility of polynomials over fields
and unique factorization domains.

Lemma 1.12.1. Let A be a unique factorization domain, K = FracA and f € K[T] a
primitive polynomial. Then f is irreducible in A[T) if and only if f is irreducible in
K|[T].

Proof. If f is irreducible in K[T], then is is irreducible in A[T] by Theorem 1.11.9.
Conversely, assume that f is irreducible in A[T] and consider a factorization f = gh in
K[T]. Choose cg,c, € K* with cont(g) = (cg)a and cont(h) = (c;)4 and define go =
cglg and hy = c,jlh. By Lemma 1.11.7 (5), we have cont(gg) = (cgl)A -cont(g) = (1)
and cont(hy) = <c;1)A -cont(h) = (1), which shows that go,hg € A[T]. Since

(cocn)a = (cqcn)a-cont(gohg) = cont(cycpgohp) = cont(gh) = cont(f) = 1,
=(1)

we see that cecp, € A*. Thus f = (cgcpn)goho is a factorization in A[T]. Since f is
irreducible, either go € A* or hy € A*, which means that either g = c,g0 € K* or
h = cphp € K*. This shows that f is irreducible in K[T]. O

Lemma 1.12.2. Let A be a unique factorization domain and f € A[T| a polynomial of
degree at least 2. If f has a root in A, then f is not irreducible in A[T].

Proof. Ifac Aisarootof f, then f = (T —a)g for some g € K[T'| by Proposition 1.10.3.
Since cont(7 —a) = (1), we conclude that cont(g) = cont(f) and thus g € A[T]. Since
degg =deg f—1 > 1, the polynomial g is not a unit in A[T|, which shows that f is not
irreducible. 0

Proposition 1.12.3. Let A be a unique factorization domain, K = FracA and f € A[T]
a primitive polynomial of degree 2 or 3. If f has no root in K, then f is irreducible in
A[T].

Proof. If f = ghin A[T], then cont(g) = cont(h) = 1. If degg =1, i.e. g = aT — b for
a,b € A with a # 0, then g € K is a root of g and therefore of f. Thus degg # 1, and
similarly degh # 1. Since degg + degh = deg f is 2 or 3, we conclude that degg =0
or degh = 0. Since cont(g) = cont(h) = (1), we conclude that g € A* or h € A*, which
shows that f is irreducible. Il

Proposition 1.12.4 (Eisenstein criterion). Let A be a unique factorization domain, p € A
a prime element, f =Y a;T" a polynomial in A[T] of degree n > 1 and K = FracA. If
plaifori=0,....n—1, but pta, and p>{ ag, then f is irreducible in K[T].
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Proof. Consider f = gh with g,h € K[T]. We intend to show that one of g and 4 is a
unit in K[T], i.e. a nonzero constant polynomial. Since f # 0, it is clear that g # 0 and
h#0.

We have g = c¢,80 and h = c,hq for some primitive go,hg € A[T] and ¢4,cp € K
with cont(g) = (cg) and cont(h) = (c;). Since cont(f) = cont(gh) = (cecy), also
¢ =cycp €A, and thus f = cgohy is an equation in A[T]. If we can show that one of
go and hyg is a constant polynomial, then one of g and / is constant. Thus we assume
without loss of generality that g,h € A[T].

Let g =Y b,T" and h =Y ¢;T". Then by our assumptions, p | ag = boco and thus p | by
or p | co. By the symmetry of g and h, we can assume that p | by. Since p? t ag = byco,
we conclude that p { c¢g. Since p { a, = byc;, where k = deg g and [ = degh, we have
p1 by, and thus m = min{i € N | p{ b;} exists. Then

aym = buco+bu—1c1+ ...+ bocy
\v/ ~ J

¢(p) &(p)
is notin (p), i.e. ptay. Since p | a; fori =0,...,n— 1, we conclude that m = n, which
shows that degh = n —m = 0. This shows that # is invertible in K[T|, which concludes
the proof that f is irreducible in K[T]. O

Example 1.12.5. We can apply the Eisenstein criterion (Proposition 1.12.4) to the
polynomial f = T3 — 2T +6 € Z[T] and the prime number 2 to deduce that f is irre-
ducible in Q[T']. Since f is primitive, it is also irreducible in Z[T]. For the same reason,
3f = 3T> — 6T + 18 is irreducible in Q[T], but it is not primitive and not irreducible in
Z|T].

Proposition 1.12.6 (Reduction criterion). Let A be a unique factorization domain, B an
integral domain, K = FracA and L = FracB. Let a : A — B be a ring homomorphism
and & : A[T| — B[T] the extension of o with &(T) =T. Let f € A[T] and f = &(f). If
deg f = deg f and if f is irreducible in L[T], then f is irreducible in K[T].

Proof. Consider f = gh € K[T|. After multiplying g and & with a suitable unit of K,
we can assume that g, € A[T]. Let § = 4(g) and i = &(h). Then f = gh. Since
deg g+ degh = deg f = deg f = degg + degh, we have degg = degg and degh =
degh. Since f is irreducible in L[T], one of ¢ and h has degree 0. Thus one of g and &
has degree 0, which shows that f is irreducible in K[T']. O

Example 1.12.7. Consider f = 1373+ 15T +7 € Z[T] and the quotient map o : Z — .
Then f = T3 +T + 1 has the same degreee as f. Since f does not have any root in [Fy,
Proposition 1.12.3 implies that f is irreducible in F»[T]. Thus by the reduction criterion
(Proposition 1.12.6), f is irreducible in Q[T]. Since f is primitive, it is irreducible in
Z|T] by Theorem 1.11.9.

1.13 Exercises

Exercise 1.1. Proof Lemma 1.1.5.
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Exercise 1.2 (Group homomorphisms). Let G and H be commutative groups. A group
homomorphism between G and H is a map f : G — H such that f(ab) = f(a)f(b)
for all a,b € G.

(1) Let f: G — H be a group homomorphism. Show that f(eg) = ey and f(a™!) =
f(a)~! for all a € G where e is the neutral elements of G and ey is the neutral
element of H.

(2) Show that the identity map id : G — G is a group homomorphism and that the
composition go f : G — H' of two group homomorphisms f: G — H and g: H —
H' is a group homomorphism.

Exercise 1.3 (Universal property of quotient groups). Let H be a subgroup of a com-
mutative group G and G/H the quotient. Show that the association a — [a] defines
a group homomorphism 7 : G — G/H with 7(H) = {0}. Show that for every group
homomorphism f : G — G’ with f(H) = {0}, there is a unique group homomorphism
f:G/H — G’ such that f = fom, i.e. the diagram

commutes.

Exercise 1.4 (Cyclic groups). Let G be a commutative group and a € G. We define

al =a---a forn>0, a® = e, and d*=a'la! forn<o.
N~~~ —
n-times —n-times

We call G a cyclic group if there is an element a € G such that every other element
b € G is of the form b = a”" for some n € Z.

(1) Show that there is a cyclic group C, for every n > 1.

(2) Are there infinite cyclic groups?
Exercise 1.5. Let A be aring and B C A a subset. Prove that B is a subring if and only if
addition v and multiplication p of A restrict to maps ap: BXxB — Band up: BxB — B,

respectively, such that (B, ap, up) is a ring and such that the inclusion map B — A is a
ring homomorphism.

Exercise 1.6. Show that every finite integral domain is a field.

Exercise 1.7 (Gaussian integers). Let i € C be a square root of —1. Show that the subset
Z[i]) = {a+bi € Cla,b € Z} is a subring of C. Is Z[i] an integral domain? Is it a field?
Show that Q[i] = {a + bi|a,b € Q} is a subring of C that is a field.

Remark: 7Z[i] is called the ring of Gaussian integers.



50

Rings

Exercise 1.8. Proof Lemma 1.3.2.

Exercise 1.9. Show that the set C*°(R) of all smooth functions f : R — R is a ring with
respect to value-wise addition and multiplication, i.e. (f+ g)(x) := f(x) + g(x) and
(f-g)(x) := f(x) - g(x). Which of the following maps are ring homomorphisms?

(1) evy: C*(R) — R with ev,(f) := f(a) where a € R;

(2) d:C*(R) — C=(R) with d(f) := 4.
Exercise 1.10. Let A be a ring. Show that A[T] with the addition and multiplication
as defined in Definition 1.3.11 is indeed a ring with zero is O and one 1. Show that

the realization of elements a € A as constant polynomials defines an injective ring
homomorphism A — A[T'|. Under which conditions on A is A[T] an integral domain?

Exercise 1.11. Show that the set F,[7] = {¥" a;Tn > 0,a; € Fp} of polynomials
with coefficients in I, forms a ring w.r.t. to the addition . a;T" + Y. b;T" = Y (a; + b;)T"
and the multiplication

n ) m i n+m
( ZaiTl) . ( ijTj) = Z ( Z aibj)Tk.
i=0 j=0 k=0 i+j=k

Which of the following maps are ring homomorphisms?

(1) eve:F,[T] = F, with ev. (Y a;T") = Y a;c’ where ¢ € F);

(2) Frob:F,[T] — F,[T] with Y a;T" — Y a;T"".
Exercise 1.12. Show that the embedding i : R — R[T] of real numbers as constant
polynomials is a ring homomorphism. Show that R[T] together with i : R — R|T]
satisfies the following universal property. For every ring homomorphism f : R — B and

for every map f : {T} — B, there is a unique ring homomorphism F : R[T] — B such
that f = Foiand F(T) = f(T).

Exercise 1.13. Let A be a ring and {/; };c; be a family of ideals in A.

(1) Show that the intersection (;;/; is an ideal of A.

(2) For finite 1, show that the product [];c;I; = ({[1ai|a; € I;}) is an ideal of A that is
contained in ();c; /;. Under which assumption is []/; = (/;?

(3) For finite 7, show that }_ /; is indeed an ideal.

(4) Let f: A — B be aring homomorphism and 7 an ideal of B. Show that f~!(I) is
an ideal of A. Show that f~1(I) is prime if I is prime. Is f~!(I) maximal if 7 is
maximal? Is the image f(J/) of an ideal J of A an ideal of B?

Exercise 1.14. (1) Describe all ideals of Z. Which of them are principal ideals, which
of them are prime and which of them are maximal?

(2) Let f € R[T] be of degree < 2. When is (f) a prime ideal, when is it a maximal
ideal? When is the quotient ring isomorphic to R? When is it isomorphic to C?
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Exercise 1.15. Let K be a field and o : K — A a ring homomorphism. Show that « is
injective unless A is the trivial ring.

Exercise 1.16. Let A be a ring and A* its unit group.

(1) Show that the map
A XA — A
(a,b) +— ab

is well-defined and turns A into an abelian group.

(2) Let f: A — B be a ring homomorphism. Show that f(A*) C B* and that the
restriction fsx : (A%, ) — (B*, ) of f is a group homomorphism.

(3) Show that the map A* x A — A, defined by (a, b) — ab is a group action of (A*, )
onA.

(4) Show that (a) = A if and only if a € A*.

(5) Let A be an integral domain. Consider the map ® : A — {ideals of A} that sends
a to the principal ideal (a) of A. Show that ®(a) = ®(b) if and only if a and b are
contained in the same orbit of the action of A* on A, i.e. a ~ b.

Exercise 1.17. Let ey,...,e, be pairwise coprime positive integers. Show that the
underlying additive group of Z/e|Z x --- x 7/ e,Z is a cyclic group.

Exercise 1.18. Let A be an integral domain and a,b,c,d,e € A.

(1) Show that if d is a greatest common divisor of b and ¢ and e is a greatest common
divisor of ab and ac, then (e¢) = (ad). Conclude that gcd(ab,ac) = (a) - ged(b,c).

(2) If A is a principal ideal domain, then d is a greatest common divisor of @ and b
if and only if (a,b) = (d). Conclude that every two elements of a principal ideal
domain have a greatest common divisor.

(3) Find an integral domain A with elements a,b,d € A such that d is a greatest
common divisor of a and b, but (a,b) # (d).

Exercise 1.19. Let A be a Euclidean domain and a,b € A. Show that in general the
sequence 1y, ...,",q2,---,qn+1 € A nor its length n are uniquely determined. In particu-
lar, find an example of integers a,b € Z and sequences rg,...,7,q2,--.,qn+1 € Z and
T0ys -« ¥msq2, - - qm+1 € Z of different lengths n # m that each satisfy the assumptions
of the Euclidean algorithm.

Exercise 1.20 (Polynomial division). Let K be a field. Use polynomial division to show
that K[T'| is a Euclidean domain.

*Exercise 1.21. Show that the ring Z[T]/(T? — T +5) is a principal ideal domain but
not a Euclidean domain. This can be done along the following steps.

(1) Reason that N(a+bT) = a® +ab+5b* definesamap N : Z[T|/(T* — T +5) — N.
Show that N(0) =0, N(1) = 1 and N(xy) = N(x)N(y). Use the map N to show
that the units of Z[T]/(T? — T 4 5) are 41 and that 2 and 3 are irreducible.
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(2) Show that every Euclidean domain A that is not a field contains an element a ¢
A*U{0} such for every b € A there is an element u € A* U{0} such that a|(b—u).
Conclude that Z[T]|/(T? — T +5) is not a Euclidean domain, by considering the
casesa=2anda=T.

(3) Show that N is a Dedekind-Hasse norm, i.e. for all nonzero x,y € Z[T]/(T? —T +
5), there are p,q,r € Z[T]|/(T? — T +5) such that px = gy +r and N(r) < N(y).
Conclude that Z[T]/(T? — T +5) is a principal ideal domain.

Exercise 1.22 (Universal property of Z). Show that the ring Z satisfies the following
universal property: for every ring A, there is a unique ring homomorphism f : Z — A.
Use this and the universal property of the quotient map Z — 7 /nZ to show that for a
ring A whose underlying additive group (A, +) is isomorphic to (Z/nZ,+) (as a group),
there is a unique ring isomorphism Z/nZ — A.

Remark: We say that Z is an initial object in the category of rings.

Exercise 1.23. Let A be aring and 7 an ideal of A. Show that / is contained in a maximal
ideal of A.

Hint: This is a consequence of Zorn’s Lemma.

Exercise 1.24. Let A be a principal ideal domain and a € A. Show that (a) is a maximal
ideal if and only if a is irreducible.

Exercise 1.25. Let A be an integral domain and a,b € A. Show that (a) = (D) if and
only if a b. Is this still true for an arbitrary ring?

Exercise 1.26. Let Z[v/—5] be the set of complex numbers of the form z = a + bv/—5
with a,b € Z and /=5 = i/5.
(1) Show that Z[v/—5] is a subring of C.

(2) Show that the association a4 bv/—5 + a® + 5b* defines a map N : Z[/—5] — 7Z
with N(zZ') = N(z)N(z') and N(1) = 1.
Remark: N(z) is the square of the usual absolute value of the complex number z.

(3) Conclude that z € Z[/—5]* if and only if N(z) € Z*. Determine Z[/—5]*.
(4) Show that 2, 3, (1 ++/—5) and (1 —+/—5) are irreducible, but not prime.
(5) Show that 6 and 2 +2+/—5 do not have a greatest common divisor.
Exercise 1.27. (1) Determine all units, prime elements and irreducible elements of
7 /6.

(2) Let R[T}, 5] = (R[T1])[T2] be the polynomial ring over R in 7; and 7> and [/
the ideal generated by T12 + T22. Is the class T| = T; +1 a prime element in the
quotient ring R[Ty, T3] /I? Is T irreducible?

Exercise 1.28. Let A be a unique factorization domain.

(1) Show that every prime ideal of A is generated by a set of prime elements.
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(2) Find an example of a unique factorization domain A and prime elements pq, ..., p,
of A such that I = (py,..., p,) is not a prime ideal.

(3) Show that the ideal I = (2,1 ++/—5) in Z[v/—5] is prime and that it does not
contain any prime element.

Exercise 1.29. Let A be an integral domain and (a) a nonzero principal ideal of A.

A factorization of (a) into principal prime ideals is an equality of the form (a) =
[T",(pi) where (p;) are principal prime ideals of A.

(1) Show that a factorization in principal prime ideals is unique, i.e. if (a) = [T, (pi)
and (a) = [}, (q;) are two such factorizations, then there exists a bijection
o:{l,...,n} = {1,...,m} such that (p;) = (¢,(;)) foralli=1,...,n.

(2) Show that A is a unique factorization domain if and only if every principal ideal
of A has a factorization into principal prime ideals.

Exercise 1.30. Let A be a ring. The spectrum of A is the set SpecA of all prime ideals
of A. A principal open subset of SpecA is a subset of the form

Ui = Upq = {pESpecAla¢yp}
with a € A.

(1) Show that Uy = @, U; = SpecA and U, NU, = Uy, for all a,b € A.
Remark: This shows that the principal open subsets of SpecA form a basis for a
topology on SpecA, which is called the Zariski topology.

(2) Let f: A — B be a ring homomorphism. By Exercise 1.13, the association
p— f~!(p) defines a map ¢ : SpecB — SpecA. Show that ¢~ (Ux q) = Up (a)
for every a € A.
Remark: This shows that the map ¢ : SpecB — SpecA is a continuous map.

(3) Describe the spectrum of the following rings: a field K, the integers Z, and their
quotient Z/6Z. Describe the maps of spectra that are induced by the inclusion
Z — Q and the surjection Z — Z/6Z.

“Exercise 1.31. Study the map ¢ : SpecZ[i] — SpecZ of spectra that is induced by the
inclusion Z — Z[i] of Z into the Gaussian integers.

(1) Show that if ¢(q) = (p) for a prime number p € Z, then q is a maximal ideal of
Z[i] that is generated by a single prime element of Z[i].

(2) Show that the fibres ! (p) have either one or two elements for each fibre, and
show that both cases occur.

Remark: If o~ '(p) has two elements, then we say that p splits in the extension
Z — 7Zi). Hint: A useful tool is the Euclidean norm N(a + ib) = a* 4 b, which
has some convenient properties (e.g. it is multiplicative and its fibres are finite).
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(3) Show that if p = (p) for some prime number p € Z and if ¢~ (p) = {q} consists
of only one prime ideal g, then Z[i]/q is a field with p or p* elements. Show that
both cases occur.

Remark: If Z[i]/q has p? elements, then we say that p is inert in the extension
7 — 1[i).

(4) Show that if p = (p) for some prime number p € Z and if ! (p) = {q} such that
Z[i]/q ~ Z./p, then q is generated by an element g € Z[i] such that ¢*> = p.

Remark: In this case, we say that p ramifies in the extension Z — Z[i].
Exercise 1.32. Proof Lemma 1.8.4.
Exercise 1.33. Proof Lemma 1.9.2.

Exercise 1.34. Let A be a ring and S a multiplicative subset. Show the following
assertions.

(1) The localization map A — S~'A is injective if and only if for every a € S, the
multiplication m, : A — A by a is an injective map.

(2) If A is an integral domain, a unique factorization domain, a principal ideal domain,
a Euclidean domain or a field and O ¢ S, then S ~14 is so, too.
(3) Let A=A x Ay and h = (1,0). Show that the association (%?) +— (a,0) defines a
ring isomorphism A[h 1] ~ A;.
(4) Find an example of a local ring A and a multiplicative subset S with 0 ¢ S such
that S~!A is not local.
Exercise 1.35. Let A be a ring.

(1) Show thatA[Tl,Tz] ~ (A[T]])[Tz].
(2) Let h € A. Show that A[h~!] ~ A[T]/(hT —1).

Exercise 1.36. Let A be a ring, S a multiplicative subset of A and t5: A — S~1A the
localization map. Show the following.

(1) Given an ideal I of A, show that the ideal of S~'A generated by 15(I) equals
1-57'A = {¢eS'Alacl se S},

and that /- S~!A is prime if 1 is prime and does not intersect S.

(2) Show that for every prime ideal q of S~!A, the inverse image L§1 (q) is a prime
ideal of A that does not intersect S.

(3) Show that this defines mutually inverse bijections
{prime ideals p of A with pNS =@} «— {prime ideals of S~'A}
p — p-STIA
i (q) — q
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Exercise 1.37. Let A be a ring and S a multiplicative subset. Show that the localiza-
tion map 5 : A — S~'A defines an injection p: SpecA[h~!] — SpecA that satisfies
@(Upp-1),0) = Ua an for every a € A and s = h' with i > 0.

Remark: This shows that ¢ : Spec(A[h~!]) — SpecA is an open topological embedding
with image Uj,.

Exercise 1.38. Let A be a unique factorization domain. Show that the set G of principal
fractional ideals is an abelian group with respect to their product. What is the neutral
element of this group? What is the inverse of (a)4 where a € K*? Show that the
association a — (a)4 define a surjective group homomorphism K* — G with kernel A*.

Exercise 1.39. Let K be a field and f € K[T'| a polynomial.
(1) Show for deg f =2 and deg f = 3 that f is irreducible in K[T] if and only if f

does not have a root in K.

(2) Find a field K and a polynomial f € K[T] of degree 4 that is not irreducible and
does not have a root in K.

(3) Show that there exists a field extension L/K such that f factorizes in L[T| as
f=u H( T —a;)
i=1

with u,ay,...,a, € L.

Exercise 1.40. Let A be aring and let nZ be the kernel of the unique ring homomorphism
7, — A where n > 0. The number char A = n is called the characteristic of A.

(1) Show that if n is positive, then n is the smallest positive integer such that

n-1l=1+---4+1 = 0.
H/_/
n—times
If n=0, then k-1 +# 0 for any k£ > 0.
(2) Show that n is zero or a prime number if A is an integral domain.
(3) Let L/K be a field extension. Show that K and L have the same characteristic.

(4) Let K be a field of characteristic 0. Show that there is a unique ring homomorphism
Q—K.

(5) Let p be a prime number and IF,, = Z/pZ the field with p elements. Let K be a

field of characteristic p. Show that there is a unique ring homomorphism F,, — K.

(6) Give an example of a ring homomorphism A — B where A and B have different
characteristics.

Remark: The image of the unique homomorphism Q — K (if charK = 0) or F, — K
(if char K = p > 0) is called the prime field of K.
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Exercise 1.41. Let F, = Z /27 be the field with two elements 0 and 1.

(1) Show that f = T? +T + 1 is an irreducible polynomial in F5[T].

(2) Show that Fy =T, [T]|/(f) is a field with four elements.

(3) Show that F is a cyclic group with 3 elements.

(4) Show that T*—T = [ er, (T — a) (as a polynomial in F4[T)).

(5) Find a factorization of T* — T in IF,[T].
Exercise 1.42. Let G be an abelian group with n elements. We define the exponent of
G as the smallest positive integer m such that g” = e for all g € G.

(1) Show that G is cyclic if and only if its exponent is n.

(2) Let K be a field and U a finite subgroup of order n of the multiplicative group K*
of K. Show that U is cyclic.
Hint: If m is the exponent of U, then every element of U is a zero of 7™ — 1.

Exercise 1.43. (1) Show that all irreducible polynomials in R[T] are of degree 1 or 2.

(2) Define two complex numbers z and 7’ as equivalent if 7 = z or 7/ = Z, the complex
conjugate of z. Denote the corresponding equivalence relation by ~ and the class
of z in the quotient set C/ ~ by [z]. Show that the map

C/~ — {maximal ideals of R[T]}
2] — ([T(T-2)
Z€[7]

is a bijection.
(3) Describe SpecC|T], assuming the fundamental theorem of algebra (Exercise

1.44).
(4) Make a drawing of SpecR[T] and of the map f* : SpecC[T| — SpecR|[T] that is

induced by the inclusion f : R[T| — CIT].

“Exercise 1.44. Prove the fundamental theorem of algebra: given a polynomial f €
C[T] of positive degree, then there exists a z € C such that f(z) = 0.

Exercise 1.45. Let A be a principal ideal domain with only one prime element p (up to
associates).

(1) Show that every element a € A — {0} can be written in the form a = up” for
uniquely determined u € A* and n > 0.
(2) Show that A has a unique maximal ideal m.

(3) Show that every other ideal of A is either equal to (0) or (1) or of the form
m' =m---m for some i > 1.
——
i-times

(4) The intersection of all m is ();cym' = {0}.
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(5) Show that A is a Euclidean ring.

(6) Give an example of a ring with these properties (including a proof).

Remark: A ing with these properties is called a discrete valuation ring.






Chapter 2

Categories

2.1 Classes

Category theory relies on the notion of a class, which is a collection of “mathematical
objects” that might be “too large” to be a set. But given a class C, we can say for every
mathematical object A whether A € Cor A ¢ C.

The reason to introduce classes beyond sets is Russell’s paradox:

Let C be the class of all sets A with A ¢ A. If C was a set, then C € C if and
only if C ¢ C, which is absurd.

It would lead, in particular, to a contradictory concept if we would attempt to consider
the “set of all sets”, which cannot exist for the alluded paradox—provided we assume
axioms for set theory that prevent that a set can contain itself.

We avoid a digression into foundations of set theory and hope that the reader finds
the description of a class as a collection of mathematical objects sufficiently intuitive to
continue reading.

2.2 Categories

Definition 2.2.1. A category C consists of a class Ob(C) of objects, a morphism set
Home (A, B) for every pair of objects A,B € Ob(C) and a composition law

o: Home(A,B) x Home(B,C) — Home(A,C)
(0:A—B,f:B—C) — fBoa:A—C

for any three objects A, B,C € Ob(C) such that the following axioms hold:

(1) for every object A € Ob(C), there is a morphism id4 : A — A such that for all
objects B,C € Ob(C) and all morphisms «: A — B in Home(A,B) andy: C — A
in Home(C,A), we have aoidg = aand idg oy = 7; (identity)

(2) for all objects A,B,C,D € Ob(C) and all morphisms «: A — B in Home(A, B),
f:B— Cin Home(B,C) and v : C — D in Home(C,D), we have yo (foa) =
(vopB)oa. (associativity)

59
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Notation. We say that A is an object in C if A € Ob(C) and that « : A — B is a morphism
in Cif « € Hom(A,B). We write Hom(A, B) for Home(A, B) if the category C is clear
from the context.

The morphism id4 : A — A from axiom (1) is called the identity morphism of A.
Identity morphisms are uniquely determined by axiom (1): if ¢ : A — A is a morphism
such that « ot = « for all morphisms a: A — B, then t =id4 0o+ = idy.

Example 2.2.2. We are already familiar with many examples of categories, such as some
of the following. In most of these examples, the objects are sets with some additional
structure, morphisms are maps with some additional properties and the composition law
is the usual composition of maps. Therefore the identity map id4 : A — A that maps
a € A toidy(a) = a satisfies (1). The associativity law (2) follows from an elementwise
evaluation of morphisms a«:A — B, 5: B — Cand vy : C — D in elements a € A:

vo(Boa)(a) = v(Boala)) = v(B(ala)) = voB(ala)) = (yoB)oa(a).

This reasons that the axioms (1) and (2) are satisfied in most of the following examples.
The other cases are left as an exercise.

(0) The trivial category C: Ob(C) = {A} and Hom(A,A) = {id4 : A — A}, with the
tautological composition id4 oidg = 1dy4.

(1) The category Sets of sets: Ob(Sets) is the class of all sets; Hom(A, B) consist of
all maps « : A — B for every pair of sets A and B; the composition law o is the
usual composition of maps.

(2) The category Ab of abelian groups: Ob(Ab) is the class of all abelian groups;
Hom(A, B) consists of all group homomorphisms « : A — B for every pair of
abelian groups A and B; the composition law o is the usual composition of group
homomorphisms.

(3) The category Rings of rings: Ob(Rings) is the class of all rings; Hom(A, B)
consists of all ring homomorphisms « : A — B for every pair of rings A and B; the
composition law o is the usual composition of ring homomorphisms.

(4) The category Fields of fields: Ob(Fields) is the class of all fields; Hom(A, B)
consists of all ring homomorphisms « : A — B for every pair of fields A and B;
the composition law o is the usual composition of ring homomorphisms.

(5) The category Top of topological spaces: Ob(Top) is the class of all topological
spaces; Hom(A, B) consists of all continuous maps « : A — B for every pair of
topological spaces A and B; the composition law o is the usual composition of
(continuous) maps; see section A.2 for definitions.

(6) The category Vectk of vector spaces over a field K: Ob(Vecty) is the class of
all K-vector spaces; Hom(A, B) consists of all K-linear maps « : A — B for every
pair of K-vector spaces A and B; the composition law o is the usual composition
of K-linear maps.
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(7)

8)

9)

(10)

2.3

The category Alg, of algebra over a ring A: Ob(Alg,) is the class of all rings
B together with a ring homomorphism ¢p : A — B called the structure map of B;
Hom(B,C) consists of all ring homomorphisms 3 : B— C such that .c = Sop for
every pair of A-algebras B and C (where we suppress the structure maps (p: A — B
and (¢ : A — C from the notation); the composition law o is the usual composition
of ring homomorphisms.

The opposite category C°P of a category C: Ob(C°P) = Ob(C) and Homee (B,A)
Home(A, B) for all objects A and B of € where we denote the morphism in C°P

that corresponds to a morphism o : A — B in € by a®? : B — A. The composition
is defined by a®P o fP = (fo ) foraw: A — Band 5: B — C.

One can visualize finite categories as graphs, for example:

idy & A = » B Didp

-y

ide  C 5 > D Didp

Categories of correspondences: a simple instance is the category € for which
Ob(@) is the class of all sets and Hom(A, B) is the collection of all subsets S of
A x B, which we call relations or correspondences, and write ag : A — B for a
subset S of A x B. Given two correspondences ag: A — B and ar : B — C, we
define the composition a7 o g : A — C as the subset

{(a,c) e AxC|(a,b) € Sand (b,c) € T for some b € B}

of A x C. We leave it as an exercise to verify that the subset { (a,a) |a €A} of A x A
is the identity morphism id4 : A — A and that the composition of correspondences
is associative.

Monomorphisms, epimorphisms and
isomorphisms

We have seen already examples of categories whose morphisms are not maps. In so far,
it does not make sense to ask whether morphisms in an abstract category are injective,
surjective or bijective. There is, however, a “categorical” characterization of injective,
surjective and bijective maps, seen as morphisms in Sets, which is as follows. The
precise relation is exhibited in Lemma 2.3.3.

Definition 2.3.1. Let C be a category and o : A — B a morphism in €. Then f is

a monomorphism if o = oy implies f =~ forall 5:C—Aandy:C — A;

an epimorphism if Soa =~yoa implies 3 =~ forall 5:B— Candy: B — C;
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e an isomorphism if there is a morphism 5 : B — A such that foa = id4 and
oo 3 =idp; we call 3 the inverse of o and denote it by o~ ! if it exists.

Lemma 2.3.2. Let C be a category.

(1) Identity morphisms are isomorphisms.
(2) The inverse of an isomorphism is uniquely determined.

(3) Every isomorphism is both a monomorphism and an epimorphism.

Proof. Since id4 oid4 = 1dy, the identity morphism id4 is an isomorphism with inverse
id4. Thus (1).

Let o : A — B be an isomorphism with inverse a~! : B— A and 3 : B— A a morphism
such that foa =idy and o8 =idg. Then S =idgo =a 'oaoB =a~!, which
shows (2).

Consider an isomorphism « : A — B and morphisms 3 : C — A and v : C — A. Then
B=a"loaoB=a"loaoy =", which shows that o is a monomorphism. Similarly, we
have for morphisms ' : B— Cand+': B— Cthat f' = S/ ocaoca ! =+ oaoa™! =+,
which shows that « is an epimorphism. Thus (3), which completes the proof. ]

Lemma 2.3.3. Let o : A — B be a map between sets. Considered as a morphism in
Sets,

(1) « is a monomorphism if and only if « is injective;
(2) «is an epimorphism if and only if « is surjective;

(3) «is an isomorphism if and only if « is bijective.

Proof. We begin with (1). Assume « is a monomorphism and consider a,b € A with
a(a) = a(b). We define two maps 3 : {c} — A and v : {c} — A with 5(c) = a and
v(c) = b. Since ao (c) = a(a) = a(b) = ao B(c), we conclude that 5 =~ since « is
a monomorphism. Thus a = b, which shows that « is injective.

Conversely assume that « is injective and consider two maps 5 :C —Aandv:C — A
with a0 8 = o, ie. a(8(c)) = a(y(c)) forall c € C. Since f is injective, this implies
that 5(c) =7(c) forall c € C, i.e. f = . Thus « is a monomorphism, which establishes
(1).

We continue with (2). Assume « is an epimorphism and consider b € B. Let C =
BU{b'} for some element b’ ¢ B. We define 5: B— Cand~y:B— Cby 3(a) =v(a) =a
foralla € B—{b}, 3(b) = b and v(b) = b'. Then 3 # ~ and thus «o 3 # « o~ since
is an epimorphism. Thus » must be in the image of «, which shows that « is surjective.

Conversely, assume that « is surjective and consider 3 : B— C and 7y : B — C with
Boa=ryoa,ie. B(a(a)) =v(a(a)) forall a € A. Since « is surjective, every b € B is
of the form b = «(a) and thus 3(b) = ~(b) for all b € B, i.e. § = . This shows that «
is an epimorphism, which establishes (2).

We continue with (3). Assume that « is an isomorphism. By Lemma 2.3.2, « is both
a monomorphism and an epimorphism. By (1) and (2), « is both injective and surjective,
and therefore bijective.
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Conversely assume that « is bijective. We define 3 : B — A by («(a)) = a which
is well-defined since « is bijective. Then we have for all « € A and b = «(a) that
Boa(a) = B(a(a)) =aand aoB(b) = a(B(b)) = b. Thus f3 is the inverse of a, which
shows that « is an isomorphism. [

Remark. We conclude that in Sets, every morphism that is both a monomorphism and
an epimorphism, is an isomorphism. This is not true for all categories. For example,
localizations of rings are epimorphisms in Rings, but not surjective in general. More
specifically, the inclusion Z — Q is both a monomorphism and an epimorphism, but not
an isomorphism, cf. Exercise 2.1.

The characterization of monomorphisms as injections, epimorphisms as surjections
and isomorphisms as bijections holds in the categories Vectg of K-vector spaces and Ab
of abelian groups. In Rings monomorphisms coincide with injections, isomorphisms
coincide with bijections, and surjections are epimorphisms, but not every epimorphism
is surjective.

2.4 Initial and terminal objects, products and
coproducts

Definition 2.4.1. Let C be a category. An object A in C is initial if for every object B in
C, there is a unique morphism A — B. An object A in € is terminal if for every object B
in C, there is a unique morphism B — A.

Remark. Initial and terminal objects do not have to exist in a category, but if they do,
then they are unique up to a unique isomorphism. Indeed, if A and B are both initial or
both terminal objects, then there are unique morphisms o : A — B and 3 : B — A whose
compositions o« and o 3 must be equal to the unique morphisms A — A and B — B,
which are the respective identities of A and B. Thus « is the unique isomorphism from
Ato B.

Example 2.4.2. We list initial and terminal objects for some categories.

(1) An initial object in Sets is the empty set &. A terminal object in Sets is a set
{a} with one element a. This makes clear that the terminal object is not general
unique, but only unique up to unique isomorphism.

(2) Let K be a field. The trivial K-vector space {0} is both initial and terminal in
Vectg. Similarly, the trivial group {e} is both initial and terminal in Ab.

(3) An initial object in Rings is the ring of integers Z, cf. Exercise 1.22. A terminal
object in Rings is the trivial ring {0}.

(4) The category of fields has neither initial nor terminal objects since there are no
morphisms between fields of different characteristics.

Definition 2.4.3. Let C be a category and {A, };c; a family of objects in C. A product of
{A;} is an object [T;c; A; in C together with a family {7; : [TA; = A} je; of morphisms
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that satisfies the following universal property: for every object B and for every family of
morphisms {«; : B— A} jes, there exists a unique morphism & : B — []A; such that
aj=mjod forall j €1, i.e. the diagram

Bt > T1A
O A

a; lﬂj

Aj

commutes for every j € [.

A coproduct of {A;} is an object [[;c;A; in € together with a family {¢;: A; —
[1A;} jer of morphisms that satisfies the following universal property: for every object B
and for every family of morphisms {a; : A; — B} jes, there exists a unique morphism
& :[JA; — Bsuchthat oj = &ojforall j €1, 1i.e. the diagram

B

commutes for every j € I.

Notation. The morphisms 7; : []TA; — A; are called the canonical projections of the
product [JA; and the morphisms ¢; : A; — [[A; are called the canonical inclusions
of the coproduct [[A;. Note that, in spite of its name, the canonical projections are
in general neither surjective (as far as this makes sense) nor epimorphisms, and sim-
ilarly, the canonical injections are neither injective (as far as this makes sense) nor
monomorphisms.

Remark. Note that products and coproducts are unique up to a unique isomorphism
that commutes with the canonical projections and inclusions, respectively. We verify
this claim for products in the following, and leave the analogous case as an exercise.

Given two objects IT and IT’ together with families {7 : IT — A} je; and {7 : TI' —
Aj}jer that satisfy each the universal property of the product, then the 7r3- induce a
unique morphism # : IT — IT such that 7; = 7r;- oft for all j € I, and the 7; induce a
unique morphism 7' : IT" — TI such that 7; = ;o 7’ for all j € I. Thus 7; = 70/’ ot
and 7 = 7, ot o &’ for all j € I. Since idyy : IT — IT is the unique morphism with
mj = m;oidp, we conclude that 7’ o & = idpy, and similarly, # o #’ = idyy, which verifies
our claim. We illustrate these morphisms in the following diagram:

s

idp C 11 2 / > I Didy

\ 7r /
T ’
J Trj

Aj
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Example 2.4.4. We describe for the constructions of products and coproducts for some
categories.

)

2)

3)

“4)

Let {A;}ics be a family of sets. Its product in Sets is the Cartesian product [TA;
together with the coordinate projections 7; : [JA; — A;. Its coproduct is the
disjoint union

[T4: = {(i,a)|icTanda <€ A;}

icl
together with the inclusions ¢ : A; — [ A; that are defined by ¢j(a) = (j,a).
Let K be a field and {A;},c; a family of K-vector spaces. Its product in Vectk is

the Cartesian product [A; together with the coordinate projections 7; : [JA; — A ;.

Its coproduct is the direct sum

Pa; = {(ai)iel e[1Ai

icl icl

a; = 0 for all but finitely many i € / }

together with the coordinate inclusions ¢j : A; — @A;, i.e. a € A;j is sent to the
element (a;) € PA; with a; = a for i = j and a; = 0 for i # j. Note that if [ is
finite, then P A; = []A;.

The product and coproduct of a family of abelian groups {A;};c; in Ab is similarly
constructed: its product is the Cartesian product [[A; together with the coordinate
projections 7; : [JA; — A; and its coproduct is the direct sum D A; together with
the coordinate inclusions ¢; : A; — DA;.

Let {A;} be a family of rings. Its product in Rings is the Cartesian product [TA;
together with the coordinate projections 7; : [TA; — A;. Its product is the tensor
product @ A; together with the canonical inclusions ¢; : A; — @A, cf. Corollary
3.3.7.

We summarize Remark 2.3 and Examples 2.4.2 and 2.4.4 in Table 2.1.

| Category || mono. | epi. | isom. | initial | terminal | product | coproduct |

Sets inj. | surj. | bij. z {a} [1A;: 1A
Vectg inj. | surj. | bij. {0} {0} [TA: DA
Ab inj. |surj.| bij. | {0} {0} [TA; DA
Rings inj. ? bij. Z {0} [TA; XA;

Table 2.1: Characterizations of certain morphisms and objects for some categories

2.5

Functors

A functor is an association between categories, similar to morphisms between objects in
a category itself. Functors allow to connect different categories and to study properties
of a category in its objects in terms of other categories. There are two fundamental
variants of functors: those that preserve the direction of morphisms (covariant functors)
and those the reverse the direction (contravariant functors).
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Definition 2.5.1. Let C and D be categories. A covariant functor F : C — D consists
of an assignment of an object F(A) in D to every object A in € and a map

Home(A,B) — Homyp (F(A),F(B))
a:A—B +— F(a):F(A) — F(B)

for every pair of objects A and B in C such that F(id4) = idg(4) for all objects A in C
and such that F(5 o a) = F(B) o F(«) for all morphisms «:A — Band 3: B — C in C.

A contravariant functor F : ¢ — D consists of an assignment of an object F(A) in
D to every object A in € and a map

Home(A,B) — Homy (F(B),F(A))
a:A—B +—— F(a):FB)—FA)

for every pair of objects A and B in C such that F(id4) = idg(4) for all objects A in C
and such that F(5oa) = F(a) o F(5) for all morphisms a«:A — Band 3: B — Cin C.

Example 2.5.2. We provide a list of examples of functors.

(0) Let C be a category. The identity functor ide : ¢ — C is the covariant functor
with ide(A) = A and ide(«) = « for all objects A and morphisms « in C. There is
a contravariant functor € — C°P to the opposite category of C that is the identity
on objects and that maps a morphism « : A — B to its opposite morphism P :
BP — A°P.

(1) Taking the unit groups of a ring defines a functor (—)* : Rings — Ab that assigns
to each ring A its unit group A* and that maps a ring homomorphism o : A — B
to its restriction a* : A — B*, which is a group homomorphism.

(2) Let K be a field. Passing to the dual K-vector space defines a contravariant functor
(—)* : Vecty — Vectk that assigns to a K-vector space A its dual space A* =
Homg (A, K) and that maps a K-linear map « : A — B to its dual (or transpose)
a* : B* — A* that sends a K-linear map /3 : B — K to the composition o*(3) =
foa:A—K.

(3) For a category € whose objects are sets with additional structure, whose mor-
phisms are maps that satisfying certain conditions and whose composition law
is the composition of maps, there is a forgetful functor J : C — Sets that is the
covariant functor that assigns to each object A in C its underlying set A and to its
morphism « : A — B in C the underlying map o : A — B.

This applies, in particular, to the categories Vectg, Ab and Rings. For example,
the forgetful functor F : Ab — Sets assigns to each abelian group G its underlying
set G = {a € G} and to each group homomorphism « : G — H the underlying
map a — «(a) from G to H.

(4) There are also forgetful functors into other categories. For instance for every
ring A, there is a forgetful functor ¥ : Alg, — Rings that sends an A-algebra B
with structure map ¢p : A — B to the ring B and an algebra morphism 5 : B — C
to itself, forgetting that it commutes with the structure maps of B and C. Note that



2.6.

Adjoint functors

67

®)

(6)

2.6

since for every ring B, there is a unique morphism Z — B, the forgetful functor
F : Alg, — Rings identifies the two categories.

For many categories C, there are free functors J : Sets — €. We explain this in
the examples of Ab and Alg,.

The free functor F : Sets — Ab is the covariant functor that assigns to each set
A the free abelian group F(A) = @,c4 Z and to each map « : A — B the group
homomorphism F(«) : F(A) — F(B) that sends an elements (n,) € @, 4 Z to
(mp) € DpepZ with my = ¥ (4)—p Na> Which is a finite sum since n, = 0 for
almost all a € A.

The free functor F : Sets — Alg, is the covariant functor that assigns to each set
B the polynomial ring A[T,|b € B] together with the canonical inclusion ¢4 : A —
A[Ty|b € B as the structure map, and that assigns to each map « : B — C the ring
homomorphism & : A[Tp|b € B] — A[T;|c € C] that extends id4 : A — A and that
maps 7, to T,y for every b € B.

Let C be a category and A an object in €. Then Hom(A, —) : € — Sets is the
covariant functor that assigns to an object B in C the set Hom(A,B) of mor-
phisms a : A — B in € and that assigns to a morphism 5 : B — C the map
B« : Hom(A,B) — Hom(A,C) that sends «: A — B to f.(a) = foa: A — C.
Similarly, Hom(—,A) : € — Sets is the contravariant functor that assigns to an
object B in C the set Hom(B,A) of morphisms « : B — A in € and that assigns to a
morphism (3 : B — C the map S, : Hom(C,A) — Hom(B,A) that sends oo : C — A
to f*(a) =aof:B— A.

Adjoint functors

Definition 2.6.1. Let C and D be categories and F: ¢ — D and G : D — € covariant
functors. Then J is left adjoint to G and § is right adjoint to &, which we denote as
F -G, if there is a bijection

W, p: Home(A,§(B)) — Homyp (F(A),B)

for every pair of an object A in € and an object B in D such that the diagram

v € Home(A,5(B)) M Homy (F(A'),B) > 0

I [ I

§(B)oyoa € Home (A,5(B)) LBl>Hom@(&"(A),B’) > BodoTF(a)

commutes for every pair of a morphism o : A — A" in € and a morphism 3 : B — B’ in

D.

Example 2.6.2. We have already seen some examples of adjoint functors, which are the
forgetful and free functors from Example 2.5.2. We explain this in detail in the following

case.
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Let A be aring and G : Alg, — Sets the forgetful functor from Example 2.5.2.(4),
which sends an A-algebra B to its underlying set B and a homomorphism « : B — C of
A-algebras to itself, considered as a map « : B — C between the respective underlying
sets. Let F : Sets — Alg, be the free functor from Example 2.5.2.(5), which sends a
set B to the polynomial ring A[7,|b € B] and a map « : B — C to the homomorphism
& : A[Tp|b € B] — A[T;|c € C] that maps T}, to T,, ;).

Let B be a set, C an A-algebra and o : B — C a map. The universal property of
polynomial rings (Proposition 1.9.3) implies that there is a unique A-linear ring homo-
morphism & : A[T,|b € B] — C that sends T} to «(b). This means that the association
a +— & defines a bijection

Wpc: Homges (B,C) — Homy (A[T,|b € B],C)

for every set B and every A-algebra C.
Given a map (3 : B— B’ and an A-linear ring homomorphism + : C — C’, we aim to
show that the diagram

W
Homges (B,C) ——— Homy (A[T;|b € B'],C)

o) |ro—oB

Homges (B,C') & Homy (A[T;|b € B],C')

commutes. Given a map 0 : B' — C, both W (yod o f3) and yoWp ¢(d) o 3 are A-
linear homomorphisms A[7}|b € B] — C’, which are determined by the images of the
indeterminates 7. We have

(¥sc(r0009) (@) = 2(6(5®)))
= 1(3(Tsw) = (19w c(®)) (Taw) = (70¥w c(8)0B)(Ty),

which shows that both maps are equal and that the diagram in question commutes. Thus
the free functor F : Sets — Alg, is left adjoint to the forgetful functor G : Alg, — Sets.

2.7 Exercises
Exercise 2.1. Let K be a field.
(1) Show that in the categories Ab, Vectx and Rings, a morphism is an isomorphism
if and only if it is a bijective map.

(2) Show that in the categories Ab, Vectg and Rings, a morphism is a monomorphism
if and only if it is an injective map.

(3) Show that in the categories Ab and Vectg, a morphism is an epimorphism if and
only if it is a surjective map.
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(4) Let A be a ring and S a multiplicative subset. Show that the localization map
ts : A — S7'A is an epimorphism in Rings. Conclude that the inclusion Z — Q is
both a monomorphism and an epimorphisms, but not isomorphisms.

Exercise 2.2. (1) Let ¥: C — D be a functor and o : A — B an isomorphism in C.

Show that F(«) is an isomorphism in D.

(2) Give an example of a functor F : € — D and an epimorphism « in € such that
F(«) is not an epimorphism.

(3) Give an example of a functor I : € — D and a monomorphism « in € such that
F(«) is not a monomorphism.

Exercise 2.3. Let C be a category and {A; };c; a family of objects in C. Assume that C
has a product [];c;A; and a coproduct [ [;c;A;. Let B be another object of C.

(1) Show that there is a bijection Home (B, [T;c;Ai) — [1;c; Home(B, A;).

(2) Show that there is a bijection Home ([[;c; A, B) — [1;c;Home(A;, B).
Exercise 2.4. Let C be a category and « : A — B a morphism in C. A (categorical)
image of « is an object im(«) in C together with a morphism 7 : A — im(«) and a
monomorphism ¢ : im(«) — B such that o« = ¢ o7 that satisfies the following universal
property: for every object C, morphism 7’ : A — C and monomorphism ¢ : C — B such
that « = // o7’ there is a unique morphism § : im(«) — C such that 7’ = o and
t=10p.

(1) Draw a diagram taking all the above objects and morphisms into consideration.

(2) Assume that the image im(«) of «v exits. Show that if C together with 7' : A — C
and // : C — B is an image of o, then there is a unique isomorphism 3 : im(a) — C
such thatr’ = Bomand . = /0 5.

(3) Let o : A — B be a morphism in Sets. Consider the set

im(a) = {beB|b=a(a)forsomea €A},

and the maps 7 : A — im(«) with 7(a) = a(a) and ¢ : im(«) — B with ¢(b) = b.

Show that im(«) together with 7 and ¢ is a categorical image of « in Sets.
(4) Show that the analogous statements to (3) hold for Ab, Vectg and Rings.
Exercise 2.5. Let C be a category. A zero object of C is an object 0 that is both initial

and terminal. If € has a zero object 0, then we call for any two objects A and B of C, the
unique morphism 0 : A — 0 — B from A to B the zero morphism.

(1) Show that the categories Ab and Vectx have a zero object. Show that in both
categories a morphism « : A — B is a zero morphism if and only if «(a) = 0 for
all a € A (where 0 stays for the zero element of B).

(2) Show that the categories Sets and Rings do not have a zero object.

Assume that € has a zero object 0.
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(3) Show that the composition of a morphism with a zero morphism (in any order) is
a zero morphism.

A (categorical) kernel of a morphism « : A — B is an object ker a together with a
morphism ¢ : ker @ — A such that «o¢ = 0 that satisfies the following universal property:
for every object C and every morphism ¢/ : C — A such that a0/ = 0, there is a unique
morphism /3 : C — kera such that /' = 10 f3.

(4) Draw a diagram taking all the above objects and morphisms into consideration.

(5) Let a: A — B be a morphism of abelian groups. Show that kerav = {a € A|a(a) =
0} together with the inclusion ker v — A as subgroup is a categorical kernel of .

(6) What is the problem with categorical kernels in Rings?

Exercise 2.6.  Show that the category Top of topological spaces has initial and terminal
objects as well as products and coproducts.

Recall from Exercise 1.30 the definition of SpecA as the set of all prime ideals p of
A together with the topology generated by the principal open subsets U, where a varies
through all elements of A. For a ring homomorphism f : A — B, we define f* = Spec f
as the map that sends a prime ideal p of SpecB to f*(p) = £~ (p).

Show that this defines a contravariant functor Spec : Rings — Top. Show that the
spectrum of the product of a finite number of rings, together with the induced morphisms
of spectra defined by the canonical projections, is a coproduct of their spectra.



Chapter 3

Modules

3.1 Definitions

Throughout this section, we let A be a ring.

Definition 3.1.1. An A-module is an (additively written) commutative group M (with
neutral element 0y7) together with an action of A on M, which is a map

AxM — M
(a,m) — am

that satisfies

(D 1.m=m;

(2) (ab).m = a.(b.m);

(3) (a+b).m=am+b.m;
4) a.(m+n)=am+an

for all a,b € A and m,n € M where a.m+ b.n must be read as (a.m) + (b.n).

Let M and N be A-modules. A homomorphism from M to N (or A-linear map) is
a group homomorphism f : M — N such that f(a.m) =a.f(m) foralla € A and m € M.
Together with the usual composition of group homomorphisms, this defines the category
Mod, of A-modules. A homomorphism f : M — N of A-modules is an isomorphism if
it is bijective.

A submodule of M is a subgroup N of M such thata.n € N foralla € A and alln € N.
Given a subset S of M, we define the submodule generated by S as the submodule

n
(S)a = {Zai.sieM‘n> l,al,...,anEA,sl,...,sneS}
i=1

of M if S is not empty and (S)4 = {0} if S = @. A subset S of M generates M if
(S)a =M. A module M is finitely generated if M = (S) 4 for a finite subset S of M. A
submodule N of M is cyclic if N = ({m})4 for one element m € M.
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Remark. In the following, we explain some notational conventions and some first
observations.

e If there is no danger of confusion, we denote both the neutral element of A and
the neutral element of M by 0. The axioms of a module imply that .0 = 0.m =0
foralla € Aand m € M.

e An homomorphism f : M — N of A-modules is an isomorphism if and only if it is
an isomorphism in the categorical sense, i.e. if and only if there is a homomorphism
g : N — M (which is the inverse bijection) such that go f =1idy; and fog =idy.

e A submodule N of M is itself an A-module with respect to the restriction of the
action A XM — M toAxN — N.

e The submodule generated by a subset S of M is the smallest submodule of M that
contains S; in particular, it is indeed a submodule. Note that (M), = M, thus every
A-module has a generating set. If S = {s1,...,s,}, then we also write (s,...,s,)a
for (S)4.

Example 3.1.2. We discuss some examples of modules, submodules and homomor-
phisms.

(0) The trivial A-module is the trivial group {0} together with the tautological A-
action given by a.0 =0 for all a € A.

(1) The underlying additive group of A together with the action of A on itself given
by the multiplication a.m = a - m for all a,m € A is an A-module. A submodule of
A is the same thing as an ideal of A.

(2) Let M be an A-module. The trivial submodule of M is {0}. The improper
submodule of M is M.

(3) Let M and N be A-modules. The zero map from M to N is the homomorphism
0: M — N that sends every element m € M to 0.

(4) For a field K, it is apparent from the respective definitions that a K-module is the
same thing as a K-vector space, and a homomorphism of K-modules is the same
thing as a homomorphism of K-vector spaces. In so far, modules can be seen as a
generalization of vector spaces from fields to rings.

(5) Let f: A — B be aring homomorphism. Then B is an A-module with respect to
the action of A on B given by a.b = f(a)-b for all a € A and b € B. More general,
every B-module M is an A-module with respect to the action a.m = f(a).m where
acAandmeM.

(6) Let A be a unique factorization domain and K = FracaA its field of fractions, which
is an A-module with respect to the inclusion A — K. A principal fractional ideal
is the same thing as a cyclic submodule of the A-module K. This shows that the
notation (m), is unambiguous.

(7) Every A-module is an abelian group. More precisely, there is a forgetful functor
F : Mod, — Ab that sends an A-module to its underlying abelian group and an
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A-linear map to its underlying group homomorphism. Conversely, every abelian
group M is naturally a Z-module with the action Z x M — M defined by

am = m—+---+m
N ——

a-times

fora>0anda.m=— ((—a) m) for a < 0. Since this is the only possible action of
Z on an abelian group, we conclude that a Z-module is the same thing as an abelian
group. More precisely, since every group homomorphisms between abelian groups
is Z-linear, that the forgetful functor & : Modyz — Ab is an identification of the
two categories.

We can extend our list of examples in terms of the following constructions.

Definition 3.1.3. Let f : M — N be a homomorphism of A-modules. The image of f is
the subset

imf = {nEN‘n:f(m)forsomemEM}
of N and the kernel of f is the subset
kerf = {meM]|f(m)=0}
of M.

Lemma 3.14. Let f : M — N be a homomorphism of A-modules. Then im f is a
submodule of N and ker f is a submodule of M. The A-linear map f is injective if and

only if ker f = {0}.

Proof. We have to show that both im f and ker f are closed under subtraction and the
A-action. We begin with im f. Consider a € A and n,n’ € imf, i.e. n = f(m) and
n' = f(m') for some m,m’ € M. Then both

n—n = f(m)—f(m') = f(m—m') and an = a.f(m) = f(a.m)

are in im f, which shows that im f is a submodule of N. Consider a € A and m,m’ € ker f,
i.e. f(m)= f(m') =0. Then

fm—m') = f(m)—f(m') =0 and  f(a.m) = a.f(m) = a.0 = 0,

which shows that both m —m' and a.m are in ker f. This shows that ker f is a submodule
of M.
If f is injective, then O € N has only one inverse image, which is 0 € M. Thus ker f =

{0}. If conversely, ker f = {0} and f(m) = f(n'), then f(m—m') = f(m)— f(m') =0.

Since ker f = {0}, we conclude that m —m’ = 0 and thus m = m’, which shows that f is
injective. ]
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Definition 3.1.5. Let {M;},c; be a family of A-modules. The product of {M;} is the
Cartesian product [];c; M; together with the componentwise addition and the componen-
twise A-action, which is defined by a.(m;)ic; = (a.m;);c;. The direct sum of {M;} is
the submodule
EBM,’ = {(m,) S HMi
icl il
of the product [[M;.

m; = 0 for all but finitely many i € / }

Remark. Note that the inclusion @ M; — [[ M, is an isomorphism if / is finite. Both the
product and the direct sum come equipped with the coordinate projections 7; : [[M; —
M; and 7; : @M; — M; and with the coordinatewise injections ¢; : M; — [[M; and
tj: Mj— @ M,;, which map an element m € M; to the tuple (m;);c; with m; = m and
m; = 0 for i # j. This homomorphisms together can be illustrated as follows:

EBM,’ N [1M;

The product [TM; together with the family of canonical projections ; is the categorical
product of {M;} and the direct sum @ M; together with the family of canonical inclusions
¢j is the categorical coproduct of {M;}. The proof is left as Exercise 3.2

3.2 Quotients

Let A be a ring.

Definition 3.2.1. Let M be an A-module and N a submodule. The quotient of M by N
is the quotient M /N of abelian groups together with the A-action given by a.[m| = [a.m]
for a € A and the class [m] € M/N of m € M.

Proposition 3.2.2 (Universal property of the quotient module). Let M be an A-module
and N a submodule.

(1) The A-action on the quotient M /N is well-defined and turns M /N into an A-
module. The quotient map w: M — M /N with w(m) = [m] for m € M is a homo-
morphism of A-modules.

(2) Let S C N be a subset such that generates N, i.e. N = (S)a. Then M /(S)4 together
with the quotient map m: M — M /(S) s satisfies the following universal property:
for every A-module P and for every homomorphism f : M — P such that f(S) C
{0} there is a unique homomorphism f : M /{(S)s — P such that f = fom, i.e. the
diagram
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commutes.

Proof. We begin with the verification that the A-action on M is well-defined. Let
[m] =[m'| in M/N,ie.n=m—m' € N. Then

a.lm| = [am] = [a.(m +n)] = [am' +an] = [am]+]an] = a.[m]

since a.n € N and thus [a.n] = [0] in M/N. Thus the rule a.[m] = [a.m] yields a well-
defined map A x (M /N) — (M/N).

We continue with the verification of the axioms of an A-module. By Proposition
1.1.7, the quotient M /N is a commutative group. Axioms (1)—(4) of a module hold since

(1) 1.[m] = [1.m] = [m],

(2) (ab).[m] = [(ab).m] = |a.(b.m)| = a.[b.m] = a.(b.[m]),

(3) (a+b).[m| = [(a+b).m] = [a.m~+b.m| = [a.m]+ [b.m] = a.[m] + b.[m],
4) a.fm+n] =la.(m+n)] = [a.m+a.n] = [a.m] + [a.n] = a.]m] + a.]n]

for all a,b € A and m,n € M. This shows that M /N is an A-module, as claimed.

By Exercise 1.3, the map 7 : M — M /N is a group homomorphism. For a € A and
m € M, we have 7(a.m) = [a.m] = a.[m] = a.7(m), which shows that 7 is A-linear. This
completes the proof of (1).

We continue with the proof of (2). Given a homomorphism f : M — P with f(S) C
{0}, we claim that the association [m] — f(m) does not depend on the choice of
representative m € [m] and defines a homomorphism M/(S)4 — P. Once we have
proven this, it is clear that from the definition of f that f = fox. Note that f = for
implies the uniqueness of f since it requires that f([m]) = f(7(m)) = f(m).

In order to show that f is well-defined, consider m,n € M such that [m] = [n]. By
Proposition 1.1.7, we have m —n € (S)4, and thus m —n = Y a;s; for some a; € A and
s; € S. It follows that

f(m) = f(n+Yaisi) = f(”)Jer(ai)@ = f(n),
=0

which shows that the value f([m]) = f([n]) does not depend on the choice of representa-
tive for [m] = [n]. The map f is a homomorphism since

f(lam]) = flam) = a.f(m) = a.f([m])
for all a € A and m € M. This concludes the proof of the proposition. ]

3.3 The tensor product

As usual, we let A be a ring. Let M and N be two A-modules. For every (m,n) € M x N,
we let A, ,) be a copy of A and consider the direct sum B, ) eprx v A (m,n)- We write
a.[m,n] for the element of A,y ) Whose coefficient in A(m,n) is a and whose other
coefficients are 0, i.e. a.[m,n] is the image of a under the canonical inclusion of A
into DAy ). We write [m,n] = 1.[m,n].

m,n)
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Definition 3.3.1. The tensor product of M and N is the quotient

M®AN:< a A(m,n)>/<S>

(m,n)EM XN

of DA, by the submodule generated by the subset S of @D A.(m,n) that consists of
all elements of the forms

l[a.m,n] —a.[m,n], [m+m' n] —[m,n] — [m,n],

[m,a.n] —a.[m,n, [m,n+n'] — [m,n] — [m,n’]

witha € A, m,m’ € M and n,n’ € N. We write m ® n for the class of [m,n] in M @4 N,
and call an element of this form in M ®4 N a pure tensor.

Remark. If the ring A is clear from the context, we simply write M @ N for M @4 N.
The defining relations of M @ N imply at once the following rules for the tensor product:

(am)®@n = a.(m®n) = m® (a.n),
(m+m)on = man+m @n,
men+n) = mn+men

foralla€ A, m,m' € M and n,n’ € N.

Since the elements (m,n) generate the A-module @A.(m,n), every element in the
quotient M @ N is a sum of pure tensors, i.e. of the form Y m; ® n; for some m; € M
and n; € N. Since f(Ym; @n;) =Y f(m; ®n;) for a homomorphism f: M QN — P,
it suffices to determine the images of pure tensors to describe a homomorphism from
M & N into another A-module.

Definition 3.3.2. Let M, N and P be A-modules. A bilinear map from M x N to P is
amap f: M x N — P such that the association m — f(m,n) defines an A-linear map
f(—,n) : M — P for every n € N and such that the association n — f(m,n) defines an
A-linear map f(m,—): N — P for every m € M.

Proposition 3.3.3 (Universal property of the tensor product). Let M and N be two
A-modules.

(1) The association (m,n) — m® n defines a bilinear map 3: M x N — M ® N.

(2) The tensor product M @ N together with the bilinear map f: M XN — M QN
satisfies the following universal property: for every A-module P and every bilinear
map f: M x N — P, there is a unique homomorphism f : M @ N — P such that
f=fop, i.e. the diagram

M xN

ﬂl Of
M®N ~

commutes.
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Proof. We begin with (1). Given n € N, the map 5(—,n) : M — M ® N is A-linear since

B((m,n)+ (m',n)) = B(m+m',n) = (m+m')@n
= m@n+m @n = B(m,n)+B(m',n),
B(a.(m,n)) = Bla.m,n) = (a.m)®n = a.(m@n) = a.B(m,n)

forall a € A and m,m’ € M. Similarly, the map 3(m,—): N — M ®N is A-linear for
every m € M. This shows that ( is bilinear. Thus (1).

We continue with (2). Given a bilinear map M x N — P, we claim that the association
Y m;®@n; — Y f(m;,n;) defines a homomorphism f:M®&N — P. Once we have proven
this, it is clear from the definition of f that f = f ox. Note that f = for implies the
uniqueness of f since it requires that f(Y.m; @n;) =¥ f(m; @n;) = ¥ f(mi, n;).

To show that f is indeed a well-defined homomorphism of A-modules, we first
consider the homomorphism f : D (mn)emxnA-(m,n) — P that maps Y. a;.(m;,n;) to
Y a;f(m;,n;). We leave it as an exercise to see that this defines indeed a homomorphism,
which follows, for instance, from the universal property of the coproduct @ A.(m,n).

As our next step, we verify whether all defining relation of M ® N are in the kernel
of f. Letac€ A, mym' € M and n,n’ € N. Since f(a.m,n) = a.f(m,n), the element
(a.m,n) —a.(m,n) is in ker f. Since f(m+m',n) = f(m,n) + f(m',n), the element
(m+m',n) — (m,n) — (m',n) is in ker £. Similarly, the elements (m,a.n) —a.(m,n) and
(m,n+n') — (m,n) — (m,n’) are in ker f. Thus by the universal property of quotient
modules (Proposition 3.2.2), there is a unique morphism f : M @ N — P such that
f = fom where 7 : @A.(m,n) — M®N is the quotient map. We conclude that

fEm@n) = Lfmen) = Lf(rim,n) = Lfm,n) = ¥ fm,n),
which shows that the constructed homomorphism f is as prescribed. Thus (2). O]
Lemma 3.3.4. Let M, N and P be A-modules. Then the following holds.

(1) M®{0} = {0} and M@ A ~ M;
(2) MON ~N®M;

(3)  M&N)®P~M (N®P);

(4) M(N®&P)~ (MON)&(MQP).

Proof. We leave the proof as Exercise 3.1. O

Remark. Properties (2) and (3) imply that we can write unambiguously ®;_ M, =
M ®...QM, for A-modules My,...,M,. The tensor product ®M; together with the map
[1M; — ®M; that sends (my,...,m,) to m; ® --- ® m, satisfies an analogous universal
property to that of M @ N, which is based on the notion of multilinear maps in place of
bilinear maps.
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Lemma 3.3.5 (Extension of scalars). Let f : A — B be a ring homomorphism and M an
A-module. Then the association

0 : BX(B@AM) — B®aM
(a,Zbi®mi) — Z(abi)@)mi

is an action of B on M that endows B @4 M with the structure of a B-module.

Proof. We begin with the proof that the action of B on B ®4 M is well-defined as a map.
We claim that the map 0. : Bx M — B®a M with 0.(b,m) = (cb) ® m is bilinear for
every ¢ € C. Indeed, the map 0.(—,m) : B— B®4 M is A-linear for every m € M since

Oc(a.b,m) = (cf(a)b)@m = a.((cb)®m) = a.0.(b,m),
0c(b+b',m) = (c(b+b))@m = (cb)@m+ (cb')@m = O(b,m) +0.(b',m)

for all a € A and b,b’ € B. Similarly, the map 6.(b,—) : M — B®4 M is A-linear for
every b € B. Thus 6, is bilinear, as claimed.

By the universal property of the tensor product (Proposition 3.3.3), there is a homo-
morphism 6. : B&g M — B&y M with §.(b@m) = (cb ®m). We conclude that

f(a,zbi®mi) = 9a(zbz®ml) = Zéa<bl®ml) = Z(abi)@)mia

which shows that f is well-defined as a map. It also follows that #(a,—) = 0, is an
A-linear map B®4 M — B ®4 M, which implies axioms (4) of a module at once. Axioms
(I)—(3) hold since

L(Xciom) = Y(l-c)@m = Yci@m,
(ab).(Zc,-@m,-) Y (abci)) @m; = a.(Zb.(c,-@m,-)),
(a+b).():c,-®m,-) = Y (aci+bc;)@m; = a.(Zci®m,~)+b.(Zc,~®m,~)

for all a,b,c; € A and m; € M. This shows that B&4 M is a B-module, as claimed. []

Proposition 3.3.6 (Tensor product of rings). Let ag: A — B and ac : A — C be ring
homomorphisms. Then the following holds true.

(1) The tensor product B4 C is a ring with respect to the multiplication

m: (B@AC)X(B(X)AC) — B®yC.
(b@c,b @) — (b)) ® (cc’)

(2) The associations b+— b® 1 and c — 1 ® c define ring homomorphisms g : B —
B®4C and 1c : C— BRyC, respectively, which are called the canonical inclusions.
We have Lpoap = 1c o ac.

(3) The tensor product B Q4 C together with the canonical inclusions 1 : B — B X4
C and 1c : C — B®y C satisfies the following universal property: given ring
homomorphisms fg: B — D and fc : C — D such that fpoap = fcoac, then
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there is a unique ring homomorphism f : B&, C — D such that fg = f o g and
fc=fouc, i.e the diagram

B /B
A O BRyC ---=--------1 > D
o Ty
¢ fc

commutes.

Proof. We begin with the verification that the multiplication m is well-defined as a map.
Since the map
m: BXCxBxC — B®,sC
(b,e,b' ;)  — (bb)®(cd)
is linear in each of the four factors, we can use the universal property of the tensor
product (Proposition 3.3.3) successively to gain a homomorphism

m: BIUCRIBR/{C — BRsC

withm(b@c@b' @) =m(b,c,b',c") = (bb") @ (cc’). Thus the prescribed association m
is the composition of /2 with the bilinear map /5 : (B®4C) x (B4 C) — BxCxBxC,
which shows that m is well-defined as a map.

We continue with the verification that B ®4 C is a ring. Since it is an A-module,
it is, in particular, an abelian group with respect to addition. The neutral element for
multiplication m is 1 ® 1. The associativity and commutativity of m can easily be derived
from the corresponding properties of B and C, which results in a proof that B ®4 C is
a multiplicative monoid. Distributivity follows directly from the construction of m as
mo 3. Thus B®4 C is a ring, which establishes (1).

We continue with (2). The map tp : B— B®4 C is a ring homomorphism since
tp(1)=1®1 and

la+b) = (a+b)®1 = a1+b®1 = 15(a)+1p(b),
tp(ab) = (ab)®@1 = (a®1)-(b®1) = vg(a)-p(b)

for all a,b € B. That ¢c is a ring homomorphism can be verified analogously. Since

LB(aB(a)) = (a.1)®1 = 1®(a.1) = Lc<0zc(a)),

forall a € A, we have tgoag = tcoac. Thus (2).

We continue with (3). Given two ring homomorphisms fg: B — D and f¢: C — D
such that fgoap = fe o ac, we claim that the association b ® ¢ — fg(b) - fc(c) defines
a ring homomorphism £ : B®4 C — D. Once we have proven this, it is clear from the
definition of f that fz = fop and fo = foc. Conversely, fz = foug and foc = fouc
imply that

fbece) = fbal)-f(lec) = f(s®))- fwc() = fad)- fc(o),
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which shows the uniqueness of f.

To show that f is indeed a well-defined ring homomorphism, we consider the map
f:BxC — D that sends (b,c) to fg(b)- fc(c). If we consider D as an A-module with
respect to the ring homomorphism fgoap = fcoac : A — D, then f is bilinear: it is
A-linear in the first argument since

fo+b,c) = fob+b)fcle) = fa(b)fe(c) + f(b) fe(c) = f(b,c)+g(¥,c),
flab,c) = fz(as(a) b)-fc(c) = (fzoap)(a)- f5(b) fclc) = a.f(b,c),

for all a € A, b.b' € B and ¢ € C. Similarly, it can be verified that f is A-linear in
the second argument. Thus the universal property of tensor products of A-modules
(Proposition 3.3.3) establishes a homomorphism f : B®4 C — D of A-modules such that
f(b®c) = f(b,c) = fz(b) - fe(c), as desired.

As an A-linear map, £ is in particular additive. Since f(1®1) = fg(1)fc(1) =1 and

Fbwe)- (b @) = fabb) feled') = fa(b) fe(o) fa (W) fe () = F(b,e) f(¥ ),
f is a ring homomorphism, which concludes the proof of (3). ]

Recall from Exercise 1.22 that there is a unique morphism Z — A from Z into any
given ring A.

Corollary 3.3.7 (Coproduct of rings). Let B and C be rings and ap : Z — B and
ac : Z — C the unique ring homomorphisms from Z to B and C, respectively. Then
B ®7 C together with the canonical inclusions 1gp : B— B®7C and 1c : C — B®yC is
a coproduct of B and C in the category Rings.

Proof. We verify the universal property of the coproduct. Consider two ring homo-
morphisms fp: B — D and fc : C — D. Then both fgoap and fc o ac are equal to
the unique morphism Z — D, i.e. fpoap = fc o ac . Thus we can apply the universal
property of the tensor product B ®z C (Proposition 3.3.6), which shows that there is a
unique morphism f : B®zC — D such that fg = f o1 and fc = f oc. This verifies
the universal property of the coproduct. ]

3.4 The isomorphism theorems for modules
Let A be a ring in this section.

Theorem 3.4.1 (First isomorphism theorem). Let f : M — N be a homomorphism of

A-modules. Then
M/kerf — imf

m] = f(m)

is an isomorphism.
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Proof. Since f(ker f) = {0}, the universal properties of quotient modules (Proposition
3.2.2) shows that f factors into the quotient map = : M — M /ker f followed by a
homomorphism f : M/ker f — N for which f([m]) = f(m). Tautologically, the image
of fisimf,i.e. we can restrict f to a surjective homomorphism f:M /ker f —im f,
which is the association described in the theorem. This verifies in particular that f is
well-defined.

To show that f is injective, it suffices to shows that ker f = {[0]} by Lemma 3.1.4.
This is the case since if [m] € ker f, then f(m) = f([m]) = 0. Thus m € ker f and
[m] = [0]. We conclude that £ is an isomorphism, which concludes the proof of the
theorem. []

Definition 3.4.2. Let M be an A-module and N, P submodules of M. The internal sum
of N and P is the submodule

N+P = ({NUP})
of M.

Theorem 3.4.3 (Second isomorphism theorem). Let M be an A-module and N, P
submodules of M. Then

N/(NOP) —s (N+P)/P
[n] — []

is an isomorphism.

Proof. Consider the composition f : N — M /P of the injection N — M with the quotient
map M — M /P. Its kernel is ker f = NN P. Its image consists of all cosets n + P with
n €N, ie.imf = (N+ P)/P. By the first isomorphism theorem (Theorem 3.4.1), we
obtain an induced isomorphism f : N/ker f — im f, which is precisely the map of the
theorem. []

Theorem 3.4.4 (Third isomorphism theorem). Let M be an A-module and N a submod-
ule of M. Let m: M — M /N be the quotient map. Then

D {submodules P C M containing N } — {submodules QofM/N }
P — P/N =7 (P)

is an inclusion preserving bijection, and

M/p — (M/N)/(P/N)
m+P s (m+P)+(P/N)

is a ring isomorphism for every submodule P of M containing N.

Proof. Note that 7(P) = im(P — M — M/N) is a module as the image of a module,
and therefore a submodule of M /N. Thus ® is well-defined. The inverse bijection to
® is given by sending a submodule Q of M/N to the inverse image 7~ (Q), which is
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a submodule of M since both 7w(m —m') = 7w(m) — w(m') and 7(a.m) = a.7w(m) are in
Qforalla € Aand m,m’ € 7~1(Q). Clearly, N C 7~ !(Q). Since 7 (7~ 1(Q)) = Q, the
map @ is surjective. Conversely, 7! (W(P)) = P+ N for a submodule PC M. If N C P,
then P+ N = P, which shows that ® is injective. Thus ® is a bijection as claimed. It is
clear that & is inclusion preserving.

Given a chain of submodules N C P C M, we consider the composition f : M —
(M/P)/(P/N) of the quotient maps M — M /P and M/P — (M/P)/(P/N). As the
composition of surjective maps it is surjective, i.e. im f = (M/P)/(P/N). Its kernel is
N + P = P. Thus the first isomorphism theorem (Theorem 3.4.1) shows that f induces
an isomorphism f : M/ker f — im f with f([m]) = f(m), which is the map described
in the theorem. O

3.5 Irreducible and indecomposable A-modules
Let A be a ring.

Definition 3.5.1. An A-module M is irreducible (or simple) if M is not trivial and the
only submodules of M are {0} and M. A decomposition of M is a family of submodules
{N;}icr of M such that the map

@iGINi — M
(i)  +— Y

is an isomorphism. We write M = @ N; for a decomposition. The A-module M is
indecomposable if for every decomposition M = Ny & N, either N; = {0} or N, = {0}.

Remark. Obviously, every irreducible A-module is indecomposable. The converse is
not true. For example, the Z-module Z/47Z = {0,1,2,3} is not irreducible since the
subgroup Ny = {0,2} is a proper, nontrivial submodule. But it is indecomposable since
there is no submodule N, such that Z /47 is isomorphic to Ny & N, and since Z /47 does
not have any other nontrivial proper submodule.

Lemma 3.5.2 (Schur’s lemma). Let M and N be irreducible A-modules and f : M — N
a homomorphism. Then f is either an isomorphism or the zero map.

Proof. Assume that f is not the zero map. Then its kernel ker f is not M and its image
is not {0}. Since M and N are simple, we have ker f = {0} and im f = N. Thus f is
surjective and injective by Lemma 3.1.4, which shows that f is an isomorphism. [

3.6 Exact sequences
Let A be a ring.

Definition 3.6.1. Let / C Z be a set of consecutive integers, i.e. if m < p <nform,n el
andp€Z,thenpel. LetI"={iel|i—1€l}andI°={icl]i—1,i+1€I}. A
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sequence of A-modules (with index set /) is a family {M;};c; of A-modules together
with a family of homomorphisms {d; : M, — M;};c;+, which can be illustrated as

diy d; dit1 dit2
— M, > M; » Mip1 ——

A sequence of A-modules ({Mi}, {d,-}) is exact at M; for i € I° if imd; = kerd; 1, and
it is exact if it is exact at M; for all i € I°. A short exact sequence is an exact sequence

of the form

0 s N — s M p>Q > 0

Le. I = {0,...,4},N=M1,M=M2, Q=M3,M0 =M4 =Oandi:a’2,p=d3,d1 =
d4 = 0 where 0 denotes the trivial A-module and 0 the zero map.

Remark. We can prolong any sequence by an infinite sequence of trivial modules and
zero maps to get a sequence with index set / = Z. In the case of a short exact sequence
0—N—M— Q— 0, this yields a “long” exact sequence

> 0 > 0 > N > M > O > 0 > 0

with index set Z.

Lemma 3.6.2. A 5-term sequence 0 — N Ay VLN 0 — 0 of A-modules is exact if and
only if i : N — M is injective, p : M — Q is surjective and imi = ker p. In this case,
N ~kerp and Q ~ M /imi.

Proof. The sequence 0 — N — M 2 O — 0 is exact if and only if it is exact at N,
M and Q. It is exact at N if and only if keri = im0 = {0}, which is equivalent with
i being injective by Lemma 3.1.4. It is exact at Q if and only if imp = ker0 = Q,
which is equivalent with p being surjective. By definition, i is exact at M if and only if
imi = ker p. This proves the first claim.

If the sequence is exact, then the injective homomorphism i defines an isomorphism
N — imi = ker p, which is our second claim. Since im p = Q, the first isomorphism
theorem (Theorem 3.4.1) shows that Q ~ M /ker p = M/imi, which verifies our last
claim. []

Example 3.6.3. We discuss some examples of short exact sequences.

(1) Let N be a submodule of M with inclusion map i: N — M, and let p: M — M /N
be the quotient map. Then Lemma 3.6.2 attests that

0 >Ni>Mp

> M/N —— 0

is a short exact sequence.
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(2) The sequences

0 —— 227 — 7/47 — 2 7/27. —— 0

|
I

[

and

0 —— 727 — 7/67 — L 7./32 —— 0

(_)»—>

NI =1 O
w1 WL
NI =1 O

Wi QI

|

of Z-modules are short exact.

Definition 3.6.4. A short exact sequence 0 — N LSmME Q — 0 1is split if there exists
an isomorphism f : M — N & Q such that the diagram

0 s N L M P .0 > 0
idy lf l/ldQ
0 y N —2Y s NpQ —25 0 )

commutes.

Theorem 3.6.5. Let0— N > M 2 Q — 0 be a short exact sequence. Then the following
are equivalent.

(1) The sequence O — N A VLN 0 — 0is split.
(2) There is a retract to i, which is a homomorphism r : M — N such that roi = idy.

(3) There is a section to p, which is a homomorphism s : Q — M such that pos = idg.

Proof. We will establish the circle of inclusion (1)=(2)=-(3)=(1). We begin with

(1)=(2). Given an isomorphism f : M — N & Q that splits the short exact sequence,
then we define r = id](,1 omy o f, which yields the diagram

r

0 > N /’\ M 50 > 0
lidN lf lidQ
\ LN \ 7TQ \ \
0 » N r\wDN@Q > QO > 0

Since the squares of the diagram commute and since 7y o 1y = idy, we conclude that

roi = idy'lomyo foi = idy' omyouyoidy = idy' cidyoidy = idy,
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which shows that r is a retract to i. Thus (2).

We continue with (2)=-(3). Let r: M — N be a retract to i. Then r is surjective.
Thus by the first isomorphism theorem (Theorem 3.4.1), we have N ~ M /kerr. This
yields a commutative diagram

0 0

T

ldN

kerr

IR |pei
0/ \0

=

<—

M

=

whose diagonals are short exact sequences. We claim that po j: kerr — Q is an
isomorphism. Once we have proven this, we can define s = jo (po j)~!, which is a
section to p since

pos = (poj)o(poj) ! = ido.

We begin with the injectivity of po j. If m € ker(po j), then j(m) € ker p = imi.
Thus j(m) = i(n) for some n € N and

jm) = i(n) = zow(n) = low(m) = 0.
=idy =0
Since j is injective, this means that m = 0, which shows that ker(po j) = {0}. By
Lemma 3.1.4, we conclude that p o j is injective.
We continue with the surjectivity of po j. Given g € Q, there is an m € M such that
p(m) = g since p is surjective. Thus

q = p(m)—iorop(m) = p(m—ior(m)) = p(m')
=0

where we define m' = m —ior(m). Since

r(m') = r(m)—ch_i/or(m) = r(m)—r(m) = 0,

=idy

m' = j(m") for some m"” € kerr. Thus ¢ = p(m') = (po j)(m"), which shows that po j
is surjective. This shows that p o j is an isomorphism, and thus (3).

We continue with (3)=(1). Let s : Q — M be a section to p. Consider the ho-
momorphism g : N @ Q — M that sends (n,q) to i(n) 4+ s(g). We claim that g is an
isomorphism.

We begin with the injectivity of g. If (n,q) € kerg, i.e. i(n) +s(g) =0, then i(n) =
—s(g) € (imi) N (ims). Since pos = idp, the restriction of p to ims — Q is injective.
Thus we have

(imi)N(ims) = (kerp)N(ims) = {m € ims|p(m)=0} = {0}.
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This shows that i(n) = s(g) = 0. Since i and s are injective, we conclude that (n,q) =
(0,0), which shows that g is injective.

We continue with the surjectivity of g. By the first isomorphism theorem (Theorem
3.4.1), P induces an isomorphism j : M/kerp — Q. Thus for [m] € M/ker p with
m € M, we have

m] = p~ ' (p(m)) = ﬁfl(@op(m)) = [sop(m)],

—idg
and thus m € s(Q) +i(N) = g(N @ Q). This shows that g is surjective.

Thus g is an isomorphism and has an inverse f : M — N & Q. This yields the
following diagram:

N

0 s N L M P 50 > 0
lid]\/ g]\lf lidQ
0 s N Y s NoQ 2.0 > 0

By the definition of g, we havegOLN:iOid]Q1 andpog:idélowQ. Thus
iyoidy = fogouwyoidy = foioidg,loidN = foi

and

idgop = idgopogof = ionidé1 omgo f = mgof.
This shows that the sequence 0 — N — M — Q — 0 splits, which establishes (1) and
concludes the proof of the theorem. ]

Example 3.6.6. We discuss the concept of split short exact sequences in some examples.

(1) The prototype of a split exact sequence is of the form

0 s N Y Noo 25 0 > 0

where N and Q are two A-modules.

(2) Consider the two short exact sequences

0 —— Z/2Z —— 7./47. —2— 7.)22. —— 0

and
0 —— Z/2Z —— 767 —2— 7./37. —— 0

of Z-modules from Example 3.6.3. The first sequence is not split since Z /47 is not
isomorphic to (Z/27) @ (Z/27). The second sequence is split since the surjection
p:Z/6Z — 7./3Z has a section, which is the homomorphism s : Z/37Z — Z/6Z
with s(a) = 2a for a € {0,1,2}, using Theorem 3.6.5. This yields a new proof for
the fact that Z /67 ~ (Z/27) ® (Z/37Z).
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(3) As the following example shows, it is not enough to require that M ~ N & Q for a
short exact sequence 0 - N — M — Q — 0 to split. The sequence

0—— 2 —— ze@z/22 - Pz/22 — 0

i1 i=0

with i(a) = (2a,0,0,...) and p(ag,a,,ay,...) = (ap,a,a,...) is easily seen to
be exact, and the middle term is isomorphic to the direct sum of the two outer
terms. Still, the sequence is not split since a section s to p must, in particular, map
the element (1,0,0,...) to an element (a,0,0,...) with a € Z odd. This would
define a non-zero homomorphism Z /27 — 7, which does not exist.

Definition 3.6.7. Let M be an A-module, and N a submodule of M. A complement of
N in M is a submodule Q of M such that the homomorphism

NeQ — M
(n,q) +— n+gq

is an isomorphism.

Remark. Equivalently, a submodule Q of M is a complement of N in M if they intersect
trivially, i.e. NN Q = {0}, and if they generate M, i.e. N+ Q = M. We also write
M = N & Q if these two conditions hold.

Corollary 3.6.8. Let M be an A-module and N a submodule of M. Then N has a
complement in M if and only if there is a retract r : M — N to the inclusion map
iI:N—M, ie roi—=1idy.

Proof. Assume that N has a complement Q C M. Then M = N & Q and the inclusion
i: N — M is equal to the canonical inclusion ty : N — N & Q = M, for which that the
canonical projection my : M = N @ Q — N is a retract.

Conversely, assume r : M — N is a retract to i. Let 7 : M — M /N be the quotient
map. Then the short exact sequence

> M —— M/N —— 0

splits, and there is a section s : M /N — M to 7 by Theorem 3.6.5. Thus M = N & Q for
Q = ims, which shows that N has a complement in M. L]

3.7 Exact functors

Throughout this section, we let A and B be rings. Let M and N be A-modules. Then
the set Homy (M,N) of A-linear maps from M to N is an A-module with respect to
valuewise addition and scalar multiplications, which are defined by the rules

(f+8)(m) = f(m)+g(m)  and  (a.f)(m) = a.(f(m))
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forme M, acAand f,g € Homy(M,N). The verification that these operations turn
Homy (M, N) indeed into an A-module are left as Exercise 3.4.

Definition 3.7.1. A covariant functor ¥ : Mod4 — Modp is additive if the map
Homy (M,N) — Homg (F(M),F(N))

is a group homomorphism for all A-modules M and N. A contravariant functor J :
Mods — Modp is additive if the map

Homy (M,N) — Homg (F(N),F(M))
is a group homomorphism for all A-modules M and N.

In the following, we sometimes do not specify whether a functor is covariant or
contravariant if we do not have to consider the direction of the image morphisms
explicitly. In these cases, we consider both variants of a functor.

Lemma 3.7.2. Let F : Mods — Modg be an additive functor. Then the following holds
true.

(1) Let 0 be the trivial A-module. Then F(0) is the trivial B-module.

(2) Let 0: M — N be the zero map between two A-modules M and N. Then F(0) is
the zero map.

Proof. We explain the proof in the case of a covariant functor. The case of a contravariant
functor is analogous. Claim (2) is clear since Homy (M,N) — Homg (F(M),F(N)) is
a group homomorphism.

Since the identity map idg : 0 — 0 is equal to the zero map, claim (2) implies that
the identity map idgg) : F(0) — F(0) is the zero map. This can only be the case if F(0)
is the trivial B-module. [l

Example 3.7.3. We discuss some examples of additive functors.

(0) The identity functor id : Mod4 — Mod, that sends every A-module and every
A-linear map to itself and the zero functor 0 : Mod4 — Modp that sends every
A-module to the trivial B-module 0 and every A-linear map f : M — N to the zero
map 0 : 0 — 0 are additive.

(1) Let P be an A-module. Let Homy (P, —) : Mod4 — Mod, be the covariant functor
that sends an A-module M to Homy (P,M) and an A-linear map f : M — N to the
map f; : Homy (P,M) — Homyu (P,N) that sends h: P — M to foh: P — N. We
leave the proof that this defines indeed a functor as Exercise 3.5. This functor is
additive since (f+g)oh = (foh)+ (goh) for all A-linear maps f,g: M — N
and h € Homy (P,M). The proof of this equality is left as Exercise 3.4.

Note that Homy (A, —) is “essentially equal” to the identity functor id : Mods —
Mody, by which we mean that Homy (A, M) is canonically isomorphic to M. The
functor Homy (0, —) is essentially equal to the zero functor 0 : Mod4 — Mody.
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)

3)

4)

)

Let P be an A-module. Similar to Homy (P, —), we have a contravariant functor
Homy (—,P) : Mod4 — Mody that sends an A-module M to Homy (M, P) and an
A-linear map f: M — N to the map f* : Homy (N, P) — Homy (M, P) that sends
h:N — Ptohof: M — P. Again, we leave the proof that this defines indeed a
functor as Exercise 3.5. This functor is additive since ho (f+g) = (ho f)+ (hog)
for all A-linear maps f,g: M — N and h € Homy (N, P). The proof is left as
Exercise 3.4.

Note that if A = K is a field, then the functor Homg (—, K) takes a K-vector space

V to its dual space V* and a K-linear map f : V — W to its adjoint f* : V* — W*.

Let P be an A-module and P ®4 — : Mod4 — Mod, the covariant functor that
sends an A-module M to P ®4 M and an A-linear map f : M — N to the map
fP:P®s4M — PRy N that maps p@mto p® f(m) forall p € Pand m € M. We
leave the proof that this is indeed a functor as Exercise 3.5. It is additive since

(f+8)r(p@m) = p& ((f+8)(m))
= (p@f(m)) + (p©g(m))
= (fp)+(gp))(p@m)

forall p € P,m € M and f,g € Homuy (M, N).

Let f : A — B be a ring homomorphism. The restriction of scalars is the covariant
functor Resg /4 Modp — Mody that sends a B-module M to itself, but considered
as an A-module with respect to the A-action given a.m = f(a).mfora € A and m €
M, and that sends a B-linear map f : M — N to itself. We leave the proof that this
defines indeed a functor as Exercise 3.6. This defines an inclusion Homg(M,N) —
Homy (Resg 4 (M),Resp 4 (N)), which is tautologically a group homomorphism
since Resg/y(M) = M and Resg /4 (N) = N as commutative groups. Thus the
restriction of scalars is an additive functor.

Let f : A — B be a ring homomorphism. The extension of scalars is the covariant
functor B®4 — : Mods — Modpg that sends an A-module M to the B-module
B ®4 M whose action is given by a.(b ®m) = (ab) @ m for a,b € Band m € M
and that sends an A-linear map f : M — N to the map fp: B&®s M — B4 N that
sends a ®@m to a® f(m) for a € B and m € M. We leave the proof that this is
indeed a functor as Exercise 3.6. The functor B ®4 — is additive for the same
reason as P ®4 — from example (3) is additive.

Definition 3.7.4. An additive covariant functor F : Mod, — Modp is left exact (right

exact) if for every short exact sequence 0 — N LM Q — 0 of A-modules, the
induced sequence

0 —— F(N) 0,

30)

( F(v) 2,

F(p)

F(M) F(0)

TP, 50) —— 0 )

F(M)
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is exact. An additive contravariant functor & : Mod4 — Modgp is left exact (right exact)

if for every short exact sequence 0 — N RNy LN Q — 0 of A-modules, the induced
sequence

F(p) 30)

0 —— F(0) g 2 ()
( 70) 22 3m) 2 F(vy —— 0 )

is exact. A functor & : Mods — Modp is exact if it is both left and right exact.

Example 3.7.5. Both the identity id : Mods — Mod,4 and the zero functor 0 : Mods —
Modjp are tautologically exact functors.

Note that there are additive functors that are neither left nor right exact. For example
the covariant functor F : Mody, — Mody, that sends a Z-module M to 2M = {2m € M |
m € M} and a homomorphism f : M — N to its restriction f|py : 2M — 2N is additive.
However, J sends the short exact sequence 0 — Z/27Z — Z/4Z — 7./27 — 0 from
Example 3.6.3 to the sequence 0 — 0 — Z /27 — 0 — 0, which is not exact at the middle
term Z/27.

Proposition 3.7.6. Let P be an A-module. Then both Homy (P, —) and Homy (—, P) are
left exact.

Proof. Let0 — N Ay VLN Q — 0 be a short exact sequence of A-modules. We first
consider the sequence

0 —— Homy(P,N) SN Homy (P,M) —2— Homy,(P,Q),

which is exact if i, is injective and im i, = ker p,.

We begin with the injectivity of i.. Consider two homomorphisms f, g € Homy (P, N)
such that i, (f) = ix(g). Since i is a monomorphism, the equality io f = i o g implies
that f = g. Thus i, is injective.

We continue with showing that imi, = ker p,. Since poi = 0 and zero maps are
preserved under additive functors by Lemma 3.7.2, we conclude that p, oi, = 0, which
shows that imi, is contained in Ker p,. In order to show the converse inclusion, we
consider a homomorphism g : P — M in the kernel of p,, i.e. pog = p.(g) = 0. This
means that im g is contained in Ker p and restricts to a homomorphism g : P — ker p.
Similarly, the injection i : N — M restricts to an isomorphism i : N — imi. This yields
the commutative diagram
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where ¢ =i ! og. This shows that g = io g = i,(g) is in the image of i.. Thus
imi, = ker p,, which concludes the proof that Homy (P, —) is left exact.
We continue to consider the sequence

0 —— Homy(Q,P) —~— Homy(M, P) SN Homy (N, P),

which is exact if p* is injective and im p* = keri*.

We begin with the injectivity of p*. Consider two homomorphisms f,g € Homy (Q, P)
such that p*(f) = p*(g). Since p is an epimorphism, the equality f o p = go p implies
that f = g. Thus p* is injective.

We continue with showing that im p* = keri*. Since poi = 0 and zero maps are
preserved under additive functors by Lemma 3.7.2, we conclude that i* o p* = 0, which
shows that im p* is contained in ker:*. In order to show the converse inclusion, we
consider a homomorphism g : M — P in the kernel of i*, i.e. goi =i*(g) = 0. This
means that imi is contained in ker g, and thus g factors into the projection M — M /im,
followed by a homomorphism g : M /N — P. By the first isomorphism theorem (Theorem
3.4.1), the surjection p : M — Q restricts to an isomorphism p : M /ker p — Q. This
yields the commutative diagram

i p

N

where g = gop L.

im p* = ker ¥, which concludes the proof that Homy (—, P) is left exact. O

This shows that g = g o p = p*(£) is in the image of p*. Thus

Remark. The functors Homy (P, —) and Homy (—, P) are in general not right exact. For
instance, let A = Z and P = Z/nZ. Consider the short exact sequence

0 v 7 — 7 L 77— 0
of Z-modules where n > 2 is an integer and where i(a) = na and p(a) = a fora € Z. If
we apply Homy,(Z/nZ,—) to p, we get
p«: Homy(Z/nZ,Z) — Homy(Z/nZ,7/n7),

which is not surjective since the only homomorphism Z/nZ — 7 is the zero map,
but there are homomorphisms Z/nZ — 7Z/nZ that are not zero. This shows that
Homy,(Z/nZ,—) is not exact.

If we apply Homy(—,Z/nZ) to i, the map

i*: Homgy(Z,Z/nZ) — Homgy(Z,7/n7Z),
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maps every homomorphism f : Z — Z/nZ to f oi, which is the zero map since for
all a € Z, we have foi(a) = f(n.a) =n.f(a) =0in Z/nZ. This shows that i* is not
surjective and thus Homy,(Z/nZ, —) not exact.

If A is a ring and P an A-module such that Homy (P, —) is exact, then P is called
projective. If Homy (—, P) is exact, then P is called injective.

Lemma 3.7.7. Leti: N — M and p : M — Q be homomorphisms of A-modules.

(1) If the sequence
0 —— Homy(P,N) —2— Homyu(P,M) —— Homy(P,0Q)

is exact for every A-module P, then 0 — N Y VLN Q is exact.
(2) If the sequence

0 —— Homy(Q,P) AN Homy (M, P) SN Homy (N, P)

is exact for every A-module P, then N A VLN Q — 0 is exact.

Proof. We only prove (2). The proof of (1) is analogous and left as an exercise. We
begin with the surjectivity of p. Let 7 : Q — Q/im p be the quotient map and consider
the hypothesis of (2) for P = Q/imp. Then p*(7) =mop: M — Q — P is the zero
map. Since p* is injective, we conclude that 7 is the zero map. Since 7 is surjective, this
means that P = Q/im p = 0 and thus im p = Q. This shows that p is surjective.

We continue with imi = ker p. Using the hypothesis of (2) for P = Q yields

oi = idpopoi = i*(idpop) = Fop*(idp) = 0,
p oop (idgop) p*(idg)
=0
which shows that imi C ker p. To establish the converse inclusion, we consider the
quotient map m : M — M /imi and use the hypothesis of (2) for P = M/imi. Then

i*(m) =moi: N — P is the zero map, i.e. 7 € keri* = im p*. Thus 7 = p*(f) for some
homomorphism f : Q — P, which can be illustrated follows:

N d > M b > O
o T

P=M/imi

We conclude that ker p C kerm = imi, which completes the proof. [

Proposition 3.7.8. Let P be an A-module. The functor P®4 — : Mods — Mody is right
exact.
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Proof. Let M and N be A-modules. Then map
lPMJ\] : Homy (M,HOD’IA(P,N)) — HOI’HA(P(X)AM,N)

that sends a homomorphism f : M — Homy (P, N) to the homomorphism Wy n(f) :
P®4M — N that maps p®@m to (f(m))(p) for p € P and m € M is a well-defined
isomorphism of A-modules. Moreover, the functor Homy (P, —) : Mods — Mody is
right adjoint to P ®4 —. We leave the details as Exercise 3.15.

This means that given a short exact sequence 0 — N - M 2 0 — 0 of A-modules,
we obtain a commutative diagram

0 — Homyu(Q,5(P')) —~—s Homy(M,S(P")) —-—s Homy(N,S(P'))

lTQ’g(P/) lKPM.,S(PI) l‘PAhS(P,)

0 —— Homg(P®4 0,P') ~25 Homy (P M,P') —* s Homy(P@sN,P')

for every A-module P’ and G(P") = Homyu (P, P').

By Proposition 3.7.6, the functor Hom(—, G(P')) is left exact, which shows that the
upper row of the diagram is exact. Since all the vertical maps are isomorphisms, this
implies that the lower row is exact. Since this holds for every A-module P/, Lemma
3.7.7 implies that the sequence

P@AN —" PouM — Poy0 —— 0

is exact. This shows that P @4 — is right exact and concludes the proof. ]

Remark. The functor P ®4 — is in general not exact since it does not preserve injectivity.

Indeed consider A = Z and the injective homomorphism i : Z — Z that maps a to na
for some fixed integer n > 2. Then the induced homomorphism iz, : (Z /n7) @z 7 —
(Z./nZ) ®7 7 maps the nonzero element 1 ® 1 to

lon =i®l =001 = 00,
which is the zero in (Z/nZ) @z Z. Thus iz ,z is not injective.
The following property can be deduced from the fact that P ®4 — is right exact.
Proposition 3.7.9. Let I be an ideal of A and M an A-module. Define
IM = (amlacl,me M)y = {):a,-.mi ‘ a; €l,m; € M},
which is a submodule of M. Then the map

fi M®s(A)I) — M/IM
mQla —  |a.m]

is an isomorphism of A-modules.
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Proof. The submodule I of A defines a short exact sequences 0 — / HAabA /I —0
of A-modules, and similarly the submodule /M of M defines a short exact sequences

0sIMLms M/IM — 0. By Proposition 3.7.8, applying M ®4 — to the first of
these short exact sequences yields an exact sequence

Moal —M 5 M A s Mo (A/I) — 0.

The map M x [ — IM with (m,a) — a.m is bilinear and defines thus a homomorphism
h:M®41— IM with h(m ® a) = a.m, which is surjective. The association m® a — a.m
extends to the canonical isomorphism g : M ®4 A — M. Since

(gog)oiy = gojoh = 0,
=0

we have (go g)(imiy ) = {0}. Since
M Q4 (A/I) = il’l’lpM ~ (M®AA)/kel’pM = (M®AA)/imiM

by the first isomorphism theorem (Theorem 3.4.1), the universal property of quotients
(Proposition 3.2.2) implies that the map go g : M ®4 A — M /IM factors into py com-
posed with the morphism f : M ®4 (A/I) — M /IM that maps m ® [a] to [a.m]. This
shows that f is well-defined and yields the commutative diagram

Moal —M s MasA s M@ (A/I) —— 0

oo b

IM s M s M/IM ——— 0

with exact rows. That f is an isomorphism can be proven by a “diagram chase”, which
we will demonstrate in the following. We will refer to the individual steps of the proof
by red circled numbers in the illustrations.

We begin with the surjectivity of f, which can be proven along the following steps.

Mpl —2 s M A — s M4 (A)]) —————— 0
I u
h g I@ @J ‘f
y »Lx
IM ; M . M/IM 0

Let x be an element of M /IM. U Since q is surjective, there is an element y € M such
that x = ¢g(y). @ Since g is surjective, y = g(z) for some z € M @4 A. @ Let u = py(z).
@ Then f(u) = fopu(z) = qog(z) = x, which shows that f is surjective.
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We continue with the injectivity of f, which can be proven along the following steps.

M®A1i4M>M®AAL>M®A(A/1) —0
Vo @ — Vi @ X
h l@ g J@ @J f
u @ — Z | @ 0
M - M ; M/IM 0

Let x be an element of the kernel of f. O Then f(x) = 0. @ Since py, is surjective, there
is an element y in M @4 A with py(y) = x. @ Let z = g(y). @ Since g(z) = goq(y) =
fopu(y) = f(x) =0, we have z € kerq. ® Since kerg = im j, we have z = j(u) for
some element u € IM. (© Since h is surjective, u = h(v) for some v € M ®4 1. @ Since g
is an isomorphism, we have y = g7 !(z) = g Lo joh(v) = g L ogoiy(v) = iu(v). We
conclude that y € imiy = ker pys and thus x = pys(y) = 0. This shows that ker f = {0},
which completes the proof of the injectivity of f. ]

3.8 Free modules and torsion modules

Let A be a nontrivial ring, i.e. we assume 0 # 1 throughout the section.

Definition 3.8.1. Let M be an A-module. A basis of M is a subset B of M such that the
homomorphism

s — M

s€B

(ay)yen +— Z ay.v
veB

is an isomorphism, i.e. for every m € M, there is a unique (a,) € @, A such that
m =Y a,.v. An A-module M is free if it has a basis. If M is a free A-module with basis
B, then the rank of M is defined as the cardinality rk M of B.

Note that a basis is, in particular, a generating set. That the rank of a free A-module
is well-defined follows from the following fact.

Proposition 3.8.2. Let M be a free A-module. Then any two bases of M have the same
cardinality.

Proof. Let B be a basis of M and f: €, A — M the corresponding isomorphism. Let
m a maximal ideal of A and K = A/m the residue field. Let my : M — M /mM be the
quotient map where mM = (a.m |a € m,m € M), and f, : A — M /mM the map with
fv(a) = Ja.v] for v € B. Since f,(a) = 0 if a € m, the universal property of quotient
modules (Proposition 3.2.2) implies that f, factors into the quotient map 74 : A — K,
followed by the homomorphism f, : K — M /mM that sends [a] to [a.v].

By Proposition 3.7.9, M /mM ~ M ®4 K is an K-module with respect to the action
[a].[m] = [a.m)] for [a] € K and [m] € M /mM. This means that f, : K — M/mM is, in
fact, a K-linear map.
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Let B = {[v] | v € B}. Adding the maps f, for all v € B yields the K-linear map
f: Dk - M /mM that maps ([a,]|) to ¥.[a,.m], which is clearly surjective. Its
injectivity can be shown as follows. Assume that ¥ [a,.m] = f([a,]) =0, i.e. La,.m =
Y a,.v for some a@, € m. Then d, = a, since B is a basis. Thus ([a,]) = ([0]) in
@5 K. which shows that f is injective. We conclude that £ : DpjeaK — M/mM is
an isomorphism of K-vector spaces.

Since v ~ [v] defines a bijection B — B, our claim follows from the fact that any

two basis for the K-vector space M /mM have the same cardinality. ]
Example 3.8.3. We discuss some examples.

(1) Let B be a set. Then the A-module @, .5 A is tautologically free.

(2) Let K be a field. Then a basis of a K-vector space is the same thing as a basis
in the sense of Definition 3.8.1. Since every K-vector space has a basis, every
K-module is free.

(3) The polynomial ring A[T], considered as an A-module, is free with bases B =
{1,1,7%,....}.

(4) If A # {0} is not a field, then A has a proper nonzero ideal I. In this case, the
A-module M = A/I is not free. Indeed if M = (S)4, then we note first that S # &
since [ is proper, i.e. S contains an element [s|, which is the residue class of an
element s € A. By our assumptions, / contains a nonzero element a. Then as € [
and thus a.[s] = [as] = [0-s] = 0.[s], which shows that M is not free.

Definition 3.8.4. An element a € A is regular if it is not a zero divisor. Let M be an
A-module. The torsion submodule of M is the subset

T(M) = {mée& M |a.m=0 for aregular element a € A}

of M. An A-module M is torsion-free if 7(M) = {0} and M is a torsion module if
T(M) =M.

Remark. Note that the product ab of regular elements a and b is regular since if ab is a
zero divisor, then so is one of a and b. If A is an integral domain, then every nonzero
element is regular.

Lemma 3.8.5. Let M be an A-module and T (M) its torsion submodule. Then the
following holds true.

(1) The subset T(M) is a submodule of M.

(2) The quotient M /T (M) is torsion-free.

(3) If M is free, then M is torsion-free.
Proof. We begin with (1). Let m,n € T(M) and a, b € A regular such that a.m = b.n =0.

Then ab is regular, and (ab).(m+n) = (ab).m+ (ab).n =0 shows that m+n € T(M).
For ¢ € A, we have (ca).m = c.(a.m) = 0. This shows that 7 (M) is a submodule. Thus

(1).
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We continue with (2). Let [m| € M/T (M) be the residue class of m € M and
a € A regular. If a.[m] = 0, then a.m € T(M). Thus there is a regular b € A such that
(ba).m = b.(a.m) = 0. Since ba is regular, this shows that m € T (M) i.e. [m] = [0]. We
conclude that M /T (M) is torsion-free. Thus (2).

We continue with (3). Consider b.m = 0 for m € M and b € A regular. Let B be a
basis of M. Then m =Y a,.v for a unique (a,) € @,z A. Since 0 = b.m = Y (ba,).m,
we have ba, = 0 for all v € B. Since b is regular, a, = 0 for all v € B, which shows that
m = 0. Thus M is torsion-free, which shows (3). [l

Example 3.8.6. We discuss some examples.

(1) If I is an ideal of A that contains a regular element a, then as an A-module, A /I
is a torsion module since a.[m| = [a.m] = [0] for all [m] € A/I. However, as an
A/I-module, A/I is free and therefore torsion-free.

(2) The torsion submodule of a Z-module M is the subset T(M) ={m e M | a.m =
0 for some integer m > 0} of M.

(3) The additive group of Q is a torsion-free Z-module that is not free. The proof is
left as Exercise 3.18.

(4) Let K be a field, M a K[T]-module that is finite dimensional as a K-vector space
and m € M. Then the kernel of the homomorphism f,, : K[T| — M that sends a
to a.m is of infinite dimension over K and contains a regular element a. Thus
a.m = fp(a) = 0 shows that m € T(M). This shows that M is a torsion module.

3.9 Modules over principal ideal domains

In this section, we prove some profound theorems about modules over principal ideal
domains: the elementary divisor theorem, the Smith normal form and the structure
theorem for finitely generated modules over principal ideal domains. These three
theorems are closely related and can be deduced from each other easily.

To begin with, we establish some auxiliary results. Throughout the rest of this
chapter, we let A be a principal ideal domain.

Lemma 3.9.1. Let M be a free A-module of finite rank r and N a submodule of M. Then
N is free of rank s < r.

Proof. We prove the claim by induction on r. If r = 0, there is nothing to prove.

Let r > 0. Let B ={vy,...,v,} be a basis of M and M' = (vy,...,v,_1), which is
free of rank r — 1. By the inductive hypothesis, N' = NN M’ is a submodule of M’ that
is free of rank s’ < r— 1. We have

N = N/N = N/(NOM') = (N+M" /M Cc M/M' ~ A

by the second isomorphism theorem (Theorem 3.4.3). Under these inclusions and
isomorphisms, N corresponds to an ideal I = {(a) of A.
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If a =0, then N = {0}, and N = N’ is free of rank s = s’ < r— 1, as desired. If a # 0,
then multiplication by a defines an isomorphism m, : A — (a) of A-modules, which
shows that N ~ A as A-modules.

By Exercise 3.14, the free A-module N is projective and the short exact sequence
0 — N'— N — N — 0 splits, which shows that N ~ N’ ®N. Thus N is free of rank
r=r +1<(r—1)+1=r, which concludes the proof of the lemma. O

Lemma 3.9.2. Let s > 0 be an integer and d,, ... ,ds € A such that (0) # (d) C ... C
(dg) # (1). Then s and the ideals (dy), ..., {(d) are uniquely determined by the A-module
i=1 A/ (di).

Proof. Every prime ideal p of A is principal, i.e. p = (p) for a prime element p € A.
Thus pk = ( pk>, which allows us to express the order of an element d € A in a prime
ideal p as ordy(d) = max{k | d € p} and to write (d) = [Tp°"*(@) where the product
is taken over all prime ideals p for which ord,(d) # 0; cf. section 1.7. Therefore the
uniqueness of the ideals (d;),. .., (d;) follows if we can express the orders ord,(d;) in
terms of the A-module M =[T}_, A/(d;) for every prime ideal p. We will achieve this as
follows.

Let p € A be prime, p = (p) and k > 0 an integer. Then p*N = {p*.n | n € N} for an
A-module N, and thus the A-linear map

foit A/(d) — pMA/{d,p))
a +— pka

is surjective. By Lemma 1.6.8, (d, p*1) = ged(d, p*™!), and thus £, (@) = 0 if and only
if pfa € ged(d, p**1). Thus ker f,, = A/(d) if ordy(d) < k and ker £, = (p) + (d) =
p/(d) if ord, (d) > k where we use the notation p/(d) of the third isomorphism theorem
(Theorem 3.4.4). Thus if ordy(d) < k, then p*(A/{d, p**1)) = 0, and otherwise

pA(A/(d, pTY) = (A)(d))/(n/(d)) = Ap.
Note that k(p) = A/p is a field since p = (p) is a maximal ideal as a nonzero prime ideal

in a principal ideal domain. Using Proposition 3.7.9 and Lemma 3.3.4.(4), we conclude
that

pk(M/pk“M) ~ p (M® A/pkH Hp ( A(A/p"“))

H A/ ”pk+1>)

=1

is a k(p)-vector space whose dimension equals the number of d;’s with ord, (d;) > k+ 1.
Since (d;) C ... C (d,), we have ord,(d,) < --- < ordy(d;), and thus

vp(di) = min{k € N‘ dimy ) p* (M /p*T'M) < i}.

This formula shows that v,(d;) is determined by M = [];_, A/(d;). Note that since
(dy) # (1), the element d is divisible by a prime element p € A. Thus for p = (p),
s = dlmk(p) (M/pM)

determines s, which completes the proof of the lemma. ]
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The elementary divisor theorem

Theorem 3.9.3 (Elementary divisor theorem). Let M be a free A-module of finite rank
r and N a submodule of M. Then there is a basis B = {vi,...,v,} of M, an s < r
and elements dy,...,ds € A such that {d,.vy,...,ds.vs} is a basis for N and such that
(0) # (dy) C ... C (ds). Moreover, the integer s and the ideals (dy), ..., (ds) are uniquely
determined by the submodule N of M.

Remark. The elementary divisor theorem was first proven by Schering who calls the
elements dy,...,ds the elementary divisors of N. The term ’elementary divisor’ was
introduced by Weierstrass who used it, in a slightly different context, for prime powers
as they appear in the structure theorem for finitely generated A-modules (Theorem
3.9.5). Throughout the literature, there is a certain inconsistency in the usage of the
term ’elementary divisor’, but nowadays it more common to use it for the alluded prime
powers, and to call the elements dy, ..., d, the invariants of N. We shall follow this latter
convention in our lecture notes.

Proof. We prove the existence claim by induction on r. The claim is trivial for r = 0.

Let r > 0. If N = {0}, the claim is trivial. Thus we may assume that N is not
trivial. A homomorphism f : M — A of A-modules maps N to a submodule /7 of A,
which is an ideal of A. Let g : M — A be a homomorphism such that I, is maximal in
{Ir| f : M — A} with respect to inclusion. Since A is a principal ideal domain, I, = (d,)
for some dy € I, i.e. dg = g(v) for some vy € N.

We claim that f(v,) € I, for every A-linear map f: M — A. Indeed, let f : M — A
be an A-linear map, a = f(v,) and d a greatest common divisor of a and d,;. Then
(d) = ged(a, d,) contains both (a) and I, = (d,). By Lemma 1.6.8, we have d = ba+cd,
for some b,c € A. Thus f'(v,) = ba+cdy = d for f' = bf + cg, which shows that
(d) CIp. Thus I, C (d) C Iy, which must be equalities by the maximality of I,. We
conclude that (a) C (d) = I,, which verifies our claim.

Next we claim that I, # (0). Indeed, choose a basis B for M and consider the
A-linear maps

Jw: M — A
Y ayv — ay
veB
for w € B. Since N # {0} by assumption, it contains a nonzero element n = Y cRCvVs
i.e. ¢,y # 0 for some w € B. Then f,,(n) = ¢,, # 0, which shows that I, properly contains
(0). Since I, is maximal, it cannot be equal to (0), which verifies our claim.

Write vy =Y. .5 dy.v. Then dy, = f,,(v,) € I, = (dg), i.e. d, is divisible by d,, for
all v € B. Thus there is an element w, € M such that v, = dy.w,. This means that
dg = g(vy) =dg- g(wg) and thus g(wg) = 1 since (dq) = I, # (0).

Next we claim that the A-linear map

h: (wg)a®kerg — M
(awg,m) +—— awg+m

is an isomorphism. Indeed, / is injective since g(a.wg) = a-g(wg) = a and thus (wg)4 N
kerg = {a.w, € M | a= 0} = {0}. To show that surjectivity of &, we consider m € M
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and define m' = m — g(m).wy. Then g(m') = g(m) — g(m) - g(wg) =0, i.e. m’ € kerg.
Thus m = h(g(m).wg,m’), which shows that & is surjective and verifies our claim.

By Lemma 3.9.1, M" = ker g is a free submodule of M. Since (wg)a NN = (vg)a, by
the maximality of g, we have N = (v,)4 @ N’ for the submodule N = kerg NN of M'.

Since r = rk M equals rk ((wg)s @ kerg) = 1+rkM’, we have tk M’ = r — 1. Thus
by the inductive hypothesis, there is a basis B’ = {vy,...,v,_1} of M’, an s < r and
elements dj,...,ds_1 € A such that {d;.vy,...,d;_1.vs_1} is a basis for N and such
that (d;) C ... C (dy—1). Since dj.v; is contained in a basis, we have d; # 0 and
thus (0) # (d). Let vy = w, and dy = d,. Then B = {vy,...,v,} is a basis of M and
{d1.v1,...,ds.vs} is a basis of N with s < r, as required.

What is left to prove is that (d;_1) C (ds). Let f : M — A be the A-linear map with
f(Xcivi) =Y ciand letd € A be a greatest common divisor of ds_; and ds. Then (d) =
ged{d,_1,d;} contains both (d;_;) and (ds). By Lemma 1.6.8, we have d = ¢;_1d;—1 +
cyds for some ¢y, c5 € A. Thus f((cs—1ds—1).vs—1 + (csds).vs) = cs—1ds—1 + ¢5ds = d,
and thus I, C (d) C Iy. By the maximality of I, = (d), these inclusions are equalities
and thus (d;_;) C (d) = (dy), which verifies our claim. This completes the proof of the
existence claim of the theorem.

We turn to the uniqueness of s and the ideals (d,),..., (ds). By Proposition 3.8.2,
the rank s of the free A-module N is uniquely determined. Let B = {vy,...,v,} and
dy,...,d; be as described in the theorem. Then

N N

M/N ~ A x[]A/{d) and  T(M/N) ~ ] A/(d).

i=1 i=1
Note that d; # 0 since d;.v; belongs to a basis of N. Let ¢ < s be the integer such
that (d;) # (di+1) = ... = (ds) = (1). Then T(M/N) ~[I:_, A/(d;) and 0 # (d;) C
...{d;) # (1). By Lemma 3.9.2, the integer ¢ and the ideals (d,), ..., (d;) are uniquely
determined by T(M/N). From this and the knowledge of s, we necessarily obtain
(di41) = ... = (dy) = (1), which proves that s and the ideals (d;), ..., (d;) are uniquely
determined by the submodule N of M. This concludes the proof of the theorem. [

The Smith normal form

Theorem 3.9.4 (Smith normal form). Let M and N be free A-modules of finite rank r and
s, respectively, and f : M — N a homomorphism. Then there are bases {vy,...,v,} of M
and {wy,...,ws} of N, an integer t with 0 < t < min{r,s} and elements dy,...,d; € A
with (0) # (d,) C ... C (d;) such that

1

f<i_ilai-vi) = Z(d,-ai).wi.

i=1

Moreover, the integer t and the ideals (d,), ..., (d;) are uniquely determined by f : M —
N.

Remark. The ideals (d,), ..., (d;) are called the invariants of f. The central claim of
Theorem 3.9.4 can be expressed by saying that there are ordered bases for M and N such
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that f can be represented by a matrix of the form

dy

dy

where the zeros stay for matrix blocks of appropriate sizes whose coefficients are all
ZEero.

Proof. By the elementary divisor theorem (Theorem 3.9.3), there is a basis {wy,...,w}
of N, an integer 7 < s and elements dj, . ..,d; € A with (0) # (d;) C ... C (d;) such that
{d1.w1,...,d;.w,} is a basis for the submodule im f of N. In particular, im f is free. By
Exercise 3.14, im f is projective and the short exact sequence 0 — ker f — M — im f —
0 splits, i.e. there is a section s : im f — M to f : M — im f and M =ker f ©s(im f). As
a consequence, the elements v; = s(d;.w;) for i = 1,...,¢ form a basis of the submodule
s(im f) of M.

By the elementary divisor theorem (Theorem 3.9.3), the submodule ker f of M is
free. Since rk M = rk (ker f) +rk (im f), we have rk ker f = r—z. Let {v;41,...,v/}
be a basis of ker f. Then {vi,...,v,} is a basis for M. By construction, we have
[ aivi) = Ei_y (diai) wi.

Since ¢ and (d}),...,(d,) are determined by the submodule im f of N, their unique-
ness follows at once from the elementary divisor theorem (Theorem 3.9.3). ]

The structure theorem for finitely generated modules

Recall from Definition 3.1.1 that an A-module M is finitely generated if M = (S)4 for a
finite subset S of M.

Theorem 3.9.5 (Structure theorem for finitely generated modules). Let M be a finitely
generated A-module. Then there are integers r,s,t,eq,...,e; >0, elements dy,...,ds €A
and prime elements py,...,p; € A such that (0) # (dy) C ... C (ds) # (1) and

s t
M~ Ax[JA/d) ~ A"x[]A/(pf).
i=1 i=1
Moreover, 1,s,t and the ideals (dy), ..., (ds) and (p{'),...,(p{") are uniquely determined,

up to a simultaneous permutation of the indices of the p; and e;.

Remark. The ideals (d}),...,(d;) are called the invariants of M and the prime powers
pi,....p{" are called the elementary divisors of M.

Proof. Let {my,...,m;} be a set of generators of M. Then the homomorphism

fi A" — M
(a,-) — Zai.mi
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is surjective. By the elementary divisor theorem (Theorem 3.9.3), there is a basis
{vi,...,vi} of A7, aninteger § > 0 and dy, . ..,ds € A with (0) # (d,) C ... C (ds) such
that {d;.wy,...,ds.ws} is a basis of ker f. By the first isomorphism theorem (Theorem
3.4.1), we have

M~ A jkerf ~ A7 x [ A/{d;)
i=1

Let r = 7 — § and let s be the integer for which (d) # (ds+1) = ... = (ds) = 1. Then
(0) # (d1) C ... C(dys) # (1). Since A/(d;) = {0} fori = s+ 1, 5 we gain the first
isomorphism

M ~ A'x 11 A)(d)

of the theorem. Let d be an integer with factorization d = p{'--- p;" into prime powers,
i.e. p1,...,p €A are pairwise distinct prime elements. Then (p{’) and (p’ p; 7} are coprime
for i # j since (p{’) + <pjj ) = ged(p}, pjj ) = (1), and thus the Chinese remainder
theorem (Theorem 1.5.5) implies that A/(d) ~[]JA/(p{"). Applying this to all factors
A/(d;) in the expression M ~ A" x [[7_, A/(d;) yields the second isomorphism of the
theorem.

We turn to the uniqueness claims. The integer r is uniquely determined by the
rank of M/T (M) ~ A". The ideals (d), ..., (ds) are uniquely determined by 7' (M) ~

> 1A/(d;), as shown in Lemma 3.9.2.

In the following, we show that the ideals (pi'),...,(p;") determine uniquely the
integer s and the ideals (d}),. .., (dy), which implies the uniqueness of ¢ and the ideals
(P1)s- s p)-

To explain the idea: since vp(dy) > ... > vp(d;) for all prime ideals p, the ideal (d;)
is determined as the product of the 1deals (p; ) with the highest exponents e; for every
association class [p;] = {p;j|p; ~ pi} of prime elements in {py,...,p;}. Successively,
we define (d,) as the product of the ideals (p;’) with the second highest exponents e;,
and so forth. We make this precise as follows.

Assume that [T7_, A/(d;) ~ [T._; A/(p{") for elements d|,...,d; € A with (0) #
(dy) C...C (ds) # (1). Let P = {(p1),...,(p:)} be the set of prime ideals generated
by the prirne elements pyp,...,p;. Let

pp = #{ie{1,.....}|(p)) =p}

be the multiplicity of the occurrence of a prime ideal p in ((p1),...,{(p;)) and s’
max{/, | p € P} be the maximal multiplicity that occurs. Since A/ (p? > XA/ ( 7 is not
cyclic if (p;) = (p;), we conclude that s > s’. On the other hand, 1f (ds) C ( pl N =p,
then (d;) C (ds) C p“ foralli=1,...,s. Since (d;) # (1), we must have s < iy, < s’ for
some p € P, which shows that s = s’. Thus s is determined by the ideals (pi'), ..., (p;").

In order to determine the ideals (d}), ..., (ds), we define forp € Pandk=1,...,s
the integer

epk = max{eEN)ezOOr#{iG{1,...,t}|<pi>:p,ei26}Ek},
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which is the k-th largest exponent e; occurring among those ideals (p{*) for which
(pi) = p unless there are less than & such ideals, in which case e}, ; = 0. This notation
allows us to reorder the ideals (p}'),...,(p;") into increasing chains p»! C ... C prs
for every p € P such that the proper ideals in these chains are precisely the ideals
(p{"),-..,(p{"). Since for k < I, the inclusion (d;) C p implies that (di) C p for some
ej > e;, we conclude that we must have

(d) = I v

pe?P

for i =1,...,s. This shows that the ideals (d,),...,(d;) and the ideals (p{'),...,(p/")

determine each other. Thus the uniqueness of ¢ and (pi'),...,(p;") follows from the
uniqueness of s and (d}),..., (d), which concludes the proof of the theorem. O
Applications

Recall from Definition 3.1.1 that an A-module is cyclic if it is generated by a single
element.

Corollary 3.9.6. Let M be a finitely generated A-module. Then M is the direct sum of
finitely many cyclic submodules.

Proof. Let M be a finitely generated A-module. By the structure theorem of finitely
generated modules (Theorem 3.9.5), there is an isomorphism M ~ [];_; A/(d;) for some
r,s € Z and some nonunits dy,...,ds € A, which we allow to be 0, which accounts for
the factors A = A/(0). Composing its inverse with the canonical isomorphism from the
finite direct sum with the finite product yields an isomorphism

@A = [[AN = M
i=1 i=1

Since A/(d;) is generated by 1, its image N; = fo¢j(A/(d;)) in M is generated by
fouj(1) where ¢j: A/{d;) — Di_; A/{d;) is the canonical inclusion. Thus M is the
direct sum €p;_; NV; of the cyclic submodules N; of M. O

Corollary 3.9.7. A finitely generated A-module is free if and only if it is torsion-free.

Proof. By Lemma 3.8.5, free modules are torsion-free. Conversely, assume that M is
torsion-free. By the structure theorem for finitely generated A-modules (Theorem 3.9.5),
M = A" xT]A/{(d,) for certain nonzero elements dy, ...,ds € A. Since T (M) ~]A/(d;)
1s trivial, we conclude that M ~ A" is free. O]

Corollary 3.9.8. Let M be a finitely generated A-module and N a submodule of M. Then
N is finitely generated.
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Proof. Let {vi,...,v,} be a set of generators for M. Then the A-linear map

.
f: A — M
i—1

((1,’) — Zai.v,-

is surjective. By Lemma 3.9.1, the submodule N’ = f~!(N) of the free A-module @/_, A
is free of rank s < r. Let {wy,...,w,} be a basis of N'. Then {f(wy),...,f(ws)} is a set
of generators for N, which shows that N is finitely generated. [

The structure theorem for finitely generated abelian groups

Definition 3.9.9. An abelian group G is finitely generated if it is finitely generated as a
Z-module.

Theorem 3.9.10 (Structure theorem for finitely generated abelian groups). Let G be a
finitely generated abelian group. Then there exist integers r,s,t,dy,...,ds,e1,...,e; >0
and prime numbers p1,...,p; = 0 such that (d\) C ... C (ds) and

t

G ~ A’xljZ/(a’,-) ~ A< z/{p{).

i=1

Moreover, the integers r,s,t,dy,...,ds,e1,...,e; and the prime numbers py,...,p; are
uniquely determined up to a simultaneous permutation of the indices of p; and e;.

Proof. Once we have observed that every ideal of Z has a unique nonnegative generator,
this follows immediately from the structure theorem of finitely generated A-modules
(Theorem 3.9.5), applied to A = Z. O]

The Jordan normal form

In order to explain how the theorem of the Jordan normal form follows from the structure
theorem of finitely generated A-modules, we recall some facts from linear algebra. For
the rest of this section, let K be a field.

Let M be a finitely dimensional K-vector space of dimension r and o : M — M a K-
linear endomorphism. Let B = {v1,...,v,} be a basis of M over K. Then (Y a;.vi) =
U - (a;) for some r x r—matrix U with coefficients in K where we consider (g;) as a
row vector. The characteristic polynomial of  is the monic polynomial Char, =
det(idy - T — U) of degree r, which is independent from the choice of basis B and thus
a well-defined invariant of the automorphism ¢ of M.

For i > 0, we define the K-linear map ¢’ : M — M as ¢° = idy if i = 0 and

T __
¥ po-0p

i-times
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if i > 0. For a polynomial f = Y. c;T!in K[T], we define the K-linear map f () : M — M
by (f(¢))(m) = Lci.¢'(m). The action

K[T|xM — M
(fim) > (fp))(m)

of K[T] on M endows M with the structure of a K[T]-module. We leave the verification
of the axioms of an K[T]-module as an exercise. Since M is finite dimensional as a
K-vector space, M is finitely generated as a K[T'|-module.

Note that by the very definition of the K[T'|-action, p(m) = T.m for all m € M. This
means that a K[T'|-module M is essentially the same thing as a K-vector space M together
with an endomorphism ¢ : M — M.

Theorem 3.9.11 (Cayley-Hamilton theorem). Let M be a finite dimensional K-vector
space and ¢ : M — M be a K-linear endomorphism. Then Char,(y) = 0.

Proof. For the sake of completeness, we recall the idea of the proof. Let B = {vy,...,v,}

be a basis for M and U be the matrix that represents ¢ in the basis B, i.e. ¢(v;) =Y U; j.v;.

Let V be the r x r—matrix of endomorphisms of M with coefficients V; ; = 6; jo — U; ;
where §; ; is the Kronecker symbol. Then V#V = det(V) = Char, () as endomorphisms
of M where V¥ is the adjoint matrix of V. Since V : v; — Y (6i,j0(vj) —Uij(v;)) =0
foralli=1,...,r, we conclude that V#V is the trivial map, and thus Charsa(go) =0. O

Let K[p] = {f(¢) | f € K[T|} be the K-algebra of endomorphism of M that is
generated by . Let 7 : K[T| — K[p] be the homomorphism that sends T to . By the
Cayley -Hamilton theorem (Theorem 3.9.11), the characteristic polynomial of ¢ is in
the kernel of 7. Thus ker is not trivial and K[y] is finite dimensional over K.

Every nonzero ideal I of the principal ideal domain K|[T'| is generated by a unique
monic polynomial since the unit group K[T]* = K* coincides with the choice of the
leading coefficient of a generator for /. The minimal polynomial of ¢ is defined as the

unique monic generator Min,, of kerz. Since Min,, € kerm, we have Min,(¢) = 0.

Since Char,, € kerm = (Min,,), the minimal polynomial Min,, divides the characteristic
polynomial Char,,.

Theorem 3.9.12 (Structure theorem for finite dimensional K|[T|-modules). Let M be a
finite dimensional K-vector space and p : M — M be a K-linear endomorphism. Then
there are integers s,t,ey,...,e; = 0, monic polynomials fi,...,fs with (0) # (f1) C
... C{fs) # (1) and monic irreducible polynomials g1, ... ,g; such that

1

M~ Ijmﬂm ~ ] KI7)/85)

i=1

as K[T]-modules. Moreover, the integers s,t and the polynomials fi, ..., fs,81,---,&
are uniquely determined by M, up to a simultaneous permutation of the indices of the g;
and e;. The characteristic polynomial of ¢ is equal to Char, = [[;_, fi and the minimal
polynomial of ¢ is equal to Miny, = fi.
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Proof. Since a finite dimensional K[T|-module is a torsion module, cf. Example 3.8.6,
and since every nonzero ideal of K[T| is generated by a unique monic polynomial,
everything follows at once from the structure theorem of finitely generated A-modules
(Theorem 3.9.5) applied to A = K[T], but for the claims that Char, = []_, f; and
Min, = fi. We will verify the latter claim in the following and leave the former claim
as Exercise 3.25.

By what we have proven, we can assume that M =[]}, K[T|/(f;). Since both f;
and Min,, are monic, it is enough to show that (Min,) = (f1). Since f; € (f;) for all
i=1,...,s, we have for all m = ([h],...,[h]) € M that

file)m = ([fil],....[fiks]) = ((0],...,[0]) = O,
and thus f; € (Miny). Conversely, we have
(Ming],...,[Miny]) = Ming,(p).1 = 0 = ([0],...,[0])

as elements of [J;_, K[T]/(fi), and thus Min,, € (fi). Thus (Miny) = (f;), which
completes the proof. O

For A € K, we define the Jordan block (of size e) as the e X e-matrix

A
1

I A
whose coefficients below and above the two diagonals with entries are all zero.
Theorem 3.9.13 (Jordan normal form). Let M be a K-vector space of finite dimension r
and @ : M — M be a K-linear endomorphism whose minimal polynomial Miny, factors
in K[T| into linear factors, i.e. Min, = [[\_(T — a;) for some ay,...,a; € K where

s = deg(Miny,). Then there is a basis B of M, integerst,ey,...,e; = 0and \y,... .\ €
{ai,...,as} such that ¢ is represented in the basis B by the matrix

Jé’l (>‘1)

Je,(\r)

that has Jordan blocks J,,(\;) on its diagonals and zero coefficients outside the diag-
onal blocks. Moreover, the integers s,eq,...,e; > 0 and \1,...,\; € K are uniquely
determined by  up to a simultaneous permutation of the indices of the e; and ;.

Proof. By the structure theorem for finite dimensional K[7']-modules (Theorem 3.9.12),
there are integers s,eq,...,e; and irreducible monic polynomials fi,...,f; € K[T]
such that M ~ [[_, K[T]/(f;") as K|T]-modules, which allows us to assume that
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M =TI K[T]/(f{") where ¢ acts as T, i.e. o([g1],....[g]) = ([T-g1],-...[T - &])-
Since Min,, () acts trivial on M by the very definition of Min,, we have

(Ming],...,[Miny]) = (Miny(¢)).([1],...,[1]) = ([0],...,[0])

as elements of [T}_, K[T]/(f{"), which shows that Min,, € (f{*) fori=1,...,s. Thus
for every i € {1,...,s}, the polynomial f; divides Min, = [];_; T —a;. Since f; is
irreducible, we conclude that f; = T — \; for some \; € {ay,...,as}.

Since ¢ leaves the submodules M; = K[T]/((T — \;)¢) of M invariant, we can
concentrate on finding appropriate matrix representations U; for the restrictions ¢; :
M; — M; of ¢ to the submodules M;. Putting the bases of the M; together to a basis of
M yields a matrix representation for ¢ whose diagonal blocks are the matrices U; and
whose other coefficients are all 0.

Consider the basis B; = {[1],[T — A]],...,[(T — X)) ']} of M;. Since for k =
O, cee, €] — 1,

ei [(T—=X\)¥] = [T(T = )] = [(T =) (T —2) +M(T — 2]
= 1. [(T — )\i)k+1} + A [(T — )\i)k}

and since [(T — \;)%] = [0], the endomorphism ; is represented in the basis B; by
the Jordan block U; = J,;(\;). Thus ¢ is represented in the basis B = [Jj_; B; of
M = @j_, M, by the matrix as described in the theorem.

Since the integers s,eq,...,¢; > 0 and \j,...,\, € K are determined by the K[T]-
module M, the uniqueness claim follows at once from the structure theorem for finite
dimensional K|T'|-modules (Theorem 3.9.12). O

Remark. If K is an algebraically closed field, then every polynomial is a product of
linear factors by Proposition 1.10.10 and thus every endomorphism ¢ : M — M of a
finite dimensional K-vector space M has a Jordan normal form.

This is not true if K is not algebraically closed. An example is the rotation ¢ :
R? — R? of the Euclidean plan R? by 90°, which is represented by the matrix ((1) *01)
in the standard unit basis. If ¢ had a Jordan normal form with respect to some basis
B ={vi,v} of R2, then it would have an eigenvector, namely v;. However, the rotation
¢ does not have an eigenvector, and thus cannot have a Jordan normal form.

In agreement with the lack of a Jordan normal form, we find that the minimal
polynomial Min,, is in this case equal to the characteristic polynomial Char, = T? +1
of ¢ since T? + 1 is irreducible in R[7] and thus has no nontrivial divisors. In particular,
Min,, is not a product of linear polynomials in R[T’].

3.10 Exercises
Exercise 3.1. Proof Lemma 3.3.4.

Exercise 3.2. Let {M,};c; be a family of A-modules.
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(1) Show that [];c; M; together with the projections 7 : [[M; — M is the categorical
product in Mod,.

(2) Show that ;-; M; together with the inclusions ¢; : M; — € M; is the categorical
coproduct in Mody4.

Exercise 3.3. Verify the following assertions.

(1) R"®rR™ and R"™™".
(2) A[T1] ®4 A[T3] ~ A[T}, T3] for any ring A.
(3) (Z/nZ) @y (Z/mZ) ~7./dZ where d is a greatest common divisor of the natural

numbers m and 7.
(4) K®z L= {0} if K and L are fields of different characteristics.

6 QezQ~Q.

Exercise 3.4. Let M and N be A-modules. Show that Homy (M, N) is an A-module with
respect to the operations f+ g :m+— f(m)+g(m) and a.f : m— a.f(m) for a € A and
f,g € Homy(M,N). Show that

Homy (M,N) x Homy (N,P) — Homy(M,P)
(f:8) —  gof

is an A-bilinear homomorphism. Conclude that the association f ® g — go f describes
a homomorphism Homy (M,N) ® Homy (N, P) — Homy (M, P) of A-modules.

Exercise 3.5. Let M, N, N' and P be A-modules and f : N — N’ an A-linear homomor-
phism. Consider the associations

fu: M@AN — M@sN', f*: Hom(N,P) — Hom(N,P)
mn +—— mQ f(n) g — gof

and f.: Hom(M,N) — Hom(M,N).
h — foh

(1) Show that fjs is well-defined as a map and that all three maps are homomorphisms
of A-modules.

(2) Conclude that M ®4 (—), Hom(—, P) and Hom(M, —) are functors from Mod,4
to Mod,. Which of them are covariant, which of them are contravariant?

Exercise 3.6. Let f : A — B be a ring homomorphism.

(1) Show that sending an A-module M to B®4 M and sending an A-linear map
«: M — M’ to the B-linear map ap : B&g M — B M’ that is defined by ap(b®
m) = b® a(m) defines a functor B®,4 — : Mod4 — Modp.

(2) Show that a B-module N is A-module with respect to the action defined by a.n =
f(a).nfora € A and n € N. Show that a B-linear map o : N — N’ is A-linear with
respect to this action. Conclude that this defines a functor F : Modg — Modj,.
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(3) Show that the association b @n +— b.n defines a B-linear map 1y : B&4 F(N) — N.

(4) Let M be an A-module and N a B-module. Show that the association

Wy : Homy (M,F(N)) — Homg(B®aM,N)
v:M—FN) +—— nyoyp:BRsM—N
is a well-defined bijection.

(5) Leta : M — M’ be an A-linear map and 3 : N — N’ a B-linear map. Show that the
diagram

Y,
v €  Homy (M',F(N)) —% Homp(BoaM',N) > 6

I [ I

F(B)oyoa € Homy (M,F(N')) —Ys Homp(B@AM,N') > Bodoap
commutes.

Remark: The functor B®,4 — : Mods — Modp is called the extension of scalars from A
to B and the functor & : Modg — Mody is usually called the restriction of scalars from
B to A. The properties (4) and (5) say that F is right-adjoint to B&®a —.

Exercise 3.7 (Schur’s lemma for algebras over algebraically closed fields). Let K be an
algebraically closed field, A a K-algebra and V an irreducible A-module that is finite
dimensional as a K-vector space. Show that every A-linear map ¢ : V — V is of the form
¢(v) = a.v for some a € K.

Exercise 3.8. Let K be a field and M = N = K?, considered as additive groups. Define
amap K[T] x M — M by

(ZaiTi> (mn) = <Z(aim) , Zmn)

and a map K[T] x N — N by

(ZaiTi>,(m,n) = <Z(aim+iain),2a,~n>

where a;,m,n € k. Show that M and N are K[T]-modules with respect to these maps.
Show that neither M nor N is simple, but that N is indecomposable while M is not.
Hint: 7 acts on M as the matrix ((1) (1)), and it acts on N as the matrix ((1) %)

Exercise 3.9. Let K be a field and M = N = k? the K[T]-modules from Exercise 3.8.
Let P =K.

(1) Show that the map K[T] x P — P with (Y a&T’).(m) = Y.a;.m turns P into a
K|[T]-module.

(2) Show that the inclusion a — (a,0) into the first coordinate defines injective K[T]-
linear mapsi: P—Mand j: P — N.
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(3) Show that there are short exact sequences of the form

0—P-M2Pp—50 and O0—P- NP0

for some K|[T'|-linear maps p and gq.

(4) Which of these sequences are split?

Exercise 3.10. Let K be a field and 00—V —---—V, — 0 be an exact sequence of
K-vector spaces. Show that }'(—1)'dimg V; = 0.

Exercise 3.11.
Let A be aring and f : M — N a homomorphism of A-modules that has a section
g:N—M,ie. fog=idy. Show that M ~ ker f &img.

Exercise 3.12 (Short 5-lemma). Given a ring A and a commutative diagram

p

0 y N —— M > Q s 0
lfN lfM lfQ
0 s N — o 2, (04 s 0

of A-modules with exact rows, show that

(1) fm is a monomorphism if fy and fp are monomorphisms,

(2) fm 1is an epimorphism if fy and fp are epimorphisms, and

(3) fm 1is an isomorphism if fy and fj are isomorphisms.
Exercise 3.13. Let A be aring and f : M — N a homomorphism of A-modules. Show
that

(1) f1is a monomorphism if and only if it is injective;

(2) f is an epimorphism if and only if it is surjective;

(3) f is anisomorphism (in the sense of category theory, cf. Chapter 2) if and only if

it is bijective.

Exercise 3.14. Show that the following properties for an A-module P are equivalent.

(1) The functor Hom(P, —) is exact.
(2) There is an A-module Q such that PP Q is free.
(3) Every short exact sequence of A-modules of the form 0 — N — M — P — 0 splits.

(4) For every epimorphism p : M — Q of A-modules and every homomorphism
f: P — Q, there is a homomorphism g : P — M such that f = pog.
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An A-module P with these properties is called projective. Conclude that every free
A-module is projective. Show that Z /27 is a projective Z/6Z-module that is not free.

Remark: An A-module ] is injective if Hom(—, ) is exact. It can be shown that there
are analogous characterizations as in (3) and (4) for injective modules. However, there is
no direct analogue to (2). For A = Z, one can show that a Z-module / is injective if and
only if it is divisible, i.e. for every m € I and every integer / > 0 there exists ann € [
such that [.n = m.

Exercise 3.15. Let A be a ring and P an A-module.

(1) Let M and N be A-modules and f : P®4 M — N a homomorphism. Show that
Yyun(f) m— [p — f(m ®p)] defines an isomorphism

Wyy: Homuy(P@aM,N) — Homy (M,Homyu(P,N))
of A-modules whose inverse sends a homomorphism g : M — Homy (P, N) to the

homomorphism P ®4 M — N with p@m — (g(m))(p).
(2) Leta: M — M’ and 3 : N — N’ be homomorphisms. Show that the diagram

Yy v

Homy, (M',Homy (P,N)) ————— Homyu(P®sM',N)

B.o—oa| lgofoap

d

¥
Homy (M,Homy (P,N')) —— Homy (P ®4 M,N')

commutes where ap : PQa M — P®4 M’ and S, : Homy (P,N) — Homy (P,N')
are the homomorphisms that are induced by « and 3, respectively.

Exercise 3.16. Let A be a ring and M| and M, A-modules.

(1) Show that the canonical injections ¢y : M — M| & M; and the canonical projections
T, - My & My — My (for k = 1,2) satisfy the relations

idy, ifk=1,

t1om +om = id and TrOl] =
10T + 10 My &M, koL {0 -y

for all k,l =1,2.

(2) Let P be an A-module and i : M — P and py : P — M; homomorphisms for
k = 1,2 that satisfy the relations

idy, ifk=1,

ijop1+iropy = idp and proi; = {0 -y

for k,l = 1,2. Show that the homomorphism M; & M, — P that is induced by
{ix : My — P}y—1 2 is an isomorphism.
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(3) Let Bbe aring and F : Mods, — Modp an additive covariant functor. Show that
the homomorphism F(M;) ® F(M,) — F(M| & M;) that is induced by {F (i) :
F(M;) = F(M; & My) } =1 is an isomorphism.

(4) Let F : Mod4 — Modp be as before and 0 - N — M — Q — 0 a split short
exact sequence. Show that 0 — F(N) — F(M) — F(Q) — 0 is a split short exact
sequence.

Exercise 3.17. Let A and B be rings.

(1) Let M and N be A-modules and f,g : M — N homomorphisms. Show that the
homomorphism

M A mem Y Nen I N
m +— (m,m) (m,n) — m+n
(m,n) +— f(m)+g(n)

isequalto f+g: M — N.

(2) Let F : Mod4 — Modp be a covariant functor such that for all A-modules M;
and M;, the homomorphism F(M;) & F(M,) — F(M; & M>) that is induced by
{F(w) : F(M;) = F(My ®M>) } i1 2 is an isomorphism where ¢ : My — M} © M,
are the canonical inclusions. Show that J is additive.

Exercise 3.18. Show that the additive group of Q is a torsion-free Z-module. Show that
every free submodule of Q is cyclic, and show that the same is true for finitely generated
submodules of Q. Give an example of a proper submodule N C Q that is not cyclic.

Exercise 3.19. Let A be an integral domain.

(1) Show that T(M x N) ~ T (M) x T(N). Conclude that for r > 0, nonzero ideals
L,....Isof Aand M =A" x[[\_A/I;, wehave T (M) ~[[}_;A/L;and M /T (M) ~
A,

(2) Show that a homomorphism f : M — N of A-modules restricts to a homomorphism
T (M) — T(N) between their respective torsion modules. Show that this defines a
left exact functor 7 : Mod, — Mody.

Exercise 3.20. (1) Let M = Z3 and N the submodule generated by (1,1,6) and
(1,—1,6). Determine the invariants of the submodule N. Determine the invariants
and the elementary divisors of M /N. What is the rank of (M /N)/T(M/N)?

(2) Let f: Z> — 73 be the Z-linear map given by multiplication of row vectors in Z>
with the matrix

Determine the Smith normal form and the invariants of f. Determine the invariants
and the elementary divisors of Z>/im f. What is the rank of Z3/im f divided by
its torsion submodule?
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(3) Let N be the submodule of Z* that is generated by
(1,1,1,0), (1,1,0,1), (1,0,1,1), and (0,1,1,1).

Find a basis {vy,...,v4} of Z* and integers ay,...,ay such that {a;vy,...,asvs}
is a basis of N.

Exercise 3.21. An A-module M is flat if —®4 M is exact.

(1) Show that every free A-module is flat. Conclude that every projective A-module is
flat.

(2) Let I be an ideal of A. Show that I ®4 M ~ IM if M is flat.
Hint: For (1), Exercise 3.14 is useful. For (2), the proof of Proposition 3.7.9 is helpful.
“Exercise 3.22. Let A be a principal ideal domain and r, s > 0 integers.

(1) Show that every A-linear map f : A” — A’ is of the form f(a;) = U - (a;) for some
r x s-matrix U with coefficients in A where U - (a;) denotes the usual multiplication
of a matrix with a vector.

(2) Let B = {vy,...,v,} be a subset of A" and v; ; the j-th coordinate of v; for i, j =
1,...,r. Show that B is a basis of A" if and only if the r x r-matrix U with
coefficients U; ; = v; ; is invertible.

(3) Show that there are for every r X s-matrix U an r X r-matrix V and an s X s-matrix
W such that D = WUV is in Smith normal form, i.e. there is an integer ¢ with
0 <7< min{r,s} and elements dy,...,d; € A with 0 # (d;) C ... C (d;) such that
D,~7,-:d,~f0ri: 1,....t andD,-7j:Oifi7éjori:j>t.

(4) Exhibit invertible matrices V such that multiplying U with V from the right (from
the left) results in (a) multiplying a column (row) by a unit of A; (b) an exchange
of columns (rows); (c¢) adding a multiple of a column (row) to another. Such
matrices V are called elementary matrices.

(5) Let A be a Euclidean domain with Euclidean norm N : A — N. Develop an
algorithm using elementary column and row operations to bring U into Smith
normal form.

Hint: One can refine the Gaussian algorithm appropriately using the Euclidean
norm for the pivot search. If a pivot does not divide all coefficients of a given
column and row, then one can produce a new pivot of smaller norm with the help
of the Euclidean algorithm.

Remark: An algorithm as in part (5) does not exist for principal ideal domains in general
since there are examples of invertible matrices that are not products of elementary
matrices.

Exercise 3.23. Let K be a field and A = K[T] and consider M = K" as an A-module by
letting 7" act as a complex n X n-matrix U. Show that M is a cyclic A-module if U has a
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Jordan normal form with only one Jordan block, i.e. if U is conjugated to a matrix of the
form

for some )\ € K.

Exercise 3.24. Consider the C[T]-module M = C? where T acts as one of the matrices

A 0O A 0O A0 O
(1) T=10 X0 2 T=11 X0 B3 T=11X2O0
0 0 A 0 0 A 01 A
A 0O A0 0 A 0O
4 T =10 X0 S T=11 X0 ©®) T =10 p O
0 0 u 0 0 u 0 0 v

and where A, 1 and v are pairwise distinct complex numbers. Determine in each case the
characteristic polynomial and the minimal polynomial of 7', as well as the elementary
divisors and the invariant factors of M.

Exercise 3.25. Let K be a field, M a finite dimensional K-vector space and ¢ : M — M
a K-linear map. Let I} = (f1),...,I; = (f;) be the invariant factors of M as K[T'|-module
where T acts as ¢ and where f,.. ., f; are monic polynomials. Show that []}_, f; is the
characteristic polynomial of .

Hint: Reduce the situation to the case where M is cyclic and use that in this case, the
characteristic polynomial equals the minimal polynomial.

Exercise 3.26. Let A be aring and Mat,,,(A) the set of n x n-matrices with coefficients
in A.

(1) Show that Mat,,(A) is a noncommutative ring with respect to matrix addition
and matrix multiplication. What are 0 and 1?

(2) Show that the inclusion f : A — Mat,x,(A) as diagonal matrices is a homo-
morphism of (noncommutative) rings, i.e. f(a+b) = f(a) + f(b), f(a-b) =
f(a)- f(b) and f(1) = 1.

(3) The determinant is the map det : Mat,«,(A) — A that sends a matrix 7 =
(aij)i j=1,..n to the element

n

det(T) = Y sign(o) [Jaion

oS, i=1

of A. Show that det is multiplicative, i.e. det(T - T’) = det(T) - det(T’) and
det(1) = 1.
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(4) Show that a matrix T is a unit in Mat,,(A), i.e. TT' = 1 for some matrix 7", if
and only if det(7') is a unit in A.

Exercise 3.27. Let K be a field and M a finite dimensional K-vector space. A K-linear
map ¢ : M — M is called diagonalizable if it acts as a diagonal matrix with respect to
some basis of M. Show that ¢ is diagonalizable if and only if the minimal polynomial is
of the form

n

Min, = H(T —q;)
i=1
for pairwise distinct ay,...,a, € K. Is the C-linear map ¢ : C2 — C? given by the
matrix (] ') for the standard basis of C* diagonalizable?

Exercise 3.28. Let K be a field, M and N finite dimensional K-vector spaces, and
@w:M — M and ¢ : N — N K-linear maps. Assume that their respective characteristic
polynomials factor as

n

m
Char, = H (T —a;), and Char,, = H (T —B;).
i=1 Jj=1

Show that the formula (¢ ® 1) (m®n) = p(m) ®1(n) defines a K-linear homomorphism
YW :MRgN — MRk N, whose characteristic polynomial is

Char¢®¢ = H (T—Oéiﬁj).
L]






Chapter 4

Multilinear algebra

In this chapter, we introduce the tensor algebra, the symmetric algebra and the exterior
algebra of an A-module, and study their basic properties. Since many statements in this
chapter are similar in nature to previous results, and can be proven by similar techniques
as we have seen them already, we pass through this chapter with a faster pace and omit
several proofs.

4.1 Graded algebras

Let A be a (commutative) ring. In this chapter, we allow A-algebras to have a noncom-
mutative multiplication. More precisely, we use it in the following sense.

Definition 4.1.1. An A-algebra is a not necessarily commutative ring B together with
a ring homomorphism 1 : A — B, which is a map such that (1) =1, tg(a+b) =
tp(a) +tp(b) and 1g(ab) = 1(a)ip(b) for all a,b € A.

As usual, we suppress the ring homomorphism ¢ : A — B from the notation and
simply say that B is an A-algebra. Note that we require that the additive group of a (not
necessarily commutative) A-algebra B is commutative. In particular, this implies that B
is an A-module with respect to the A-action a.b = tg(a)b fora € A and b € B.

Definition 4.1.2. A graded A-algebra is an A-algebra B together with a family {B;};cn
of A-submodules B; of B such that B = @,y Bi, such that t5(A) C By and such that
abe€ B jforalli,j€N,a € B;and b € B;. Let B and C be graded A-algebras. A graded
homomorphism from A to B is a map f : B— C such that f(a+b) = f(a)+ f(b) and
flab) = f(a)f(b) for all a,b € B, such that f(B;) C C; for all i € N and such that
foug =c. This defines the category GrAlg, of graded A-algebras.

An element a € B is homogeneous (of degree i) if a € B; for some i € N (and if
a # 0). A homogeneous ideal of B is an A-submodule / of B such that ab,ba € I for all
a € I and b € B and such that / is generated by homogeneous elements, i.e. [ = @;cn 1
for ; =INB;.

Example 4.1.3. Every A-algebra B can be seen as a trivially graded A-algebra with
Bo = B and B; = {0} for i > 0. A nontrivial example is the polynomial algebra B = A|[T|

117
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over A, which is graded by the A-submodules B; = {aT' | a € A}. More generally, the
polynomial algebra B = A[T},...,T,] in n indeterminates T1,...,T, is graded by the
A-submodules

Bi = (I{'---T;

el,...,enENWithel—l—--~+en:i>
of B.

Lemma 4.1.4. Let B= @ B; be a graded A-algebra and I = @ I; a homogeneous ideal
of B where I; = INB;. Then the quotient B = B/I together with the submodules B; = B; /I;
is a graded A-algebra with respect to the multiplication [a] - [b] = [ab] for a,b € B and
the composition 1z =moug: A — B of ug : A — B with the quotient map mj : B— B/I,
which is a graded homomorphism.

Proof. We begin with showing that B = @ B;. The A-linear map f : @B; — B with
F((bi)) = L b is surjective since the map f : @ B; — B with f((b;)) = ¥ b is surjective.
It is injective for the following reason. Consider (b;) € @ B; such that [Zbi} =f ((1_9,)) =
0,i.e. Y b; € I. Since I = @1; and I; = I N B, this means that b; € I; and thus b; = 0 for
all i € N. This shows that f is injective and thus B = @ B,.

We continue to verify that the multiplication is well-defined on B = B/I. Given
a,d ,b,b’ € B with [a] = [d] and [b] = [b/], i.e. bothc =a—d andd =b—b' are in I,
we have

[a]-[b] = [ab] = [(d +c)(b'+d)] = [db +dd+cb +cd] = [db] = [d]-[P],

which shows that the product [a] - [b] = [ab] is well-defined. It is additive on the degrees
of homogeneous elements [a] € B; and [b] € B; since a € B; and b € B; implies ab € B;
and thus [a] - [b] = [ab] € Bi .

The quotient map 7; : B — B is tautologically a graded homomorphism. In conse-
quence, .5 = Ty o (g : A — B is a ring homomorphism with ¢z(A) C By. This concludes
the proof of the lemma. ]

Proposition 4.1.5. Let B= @ B; be a graded A-algebra and I = @ I; a homogeneous
ideal of B where I; = IN B;. Then the quotient B/I together with the quotient map
7 : B — B/I satisfies the following universal property: for every graded A-algebra C
and every graded homomorphism f : B — C such that f(I) = {0}, there is a unique
graded homomorphism f : B/I — C such that f = fo, i.e. the diagram

commutes.

Proof. We leave the proof as Exercise 4.1. ]
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4.2 'The tensor algebra

Let A be a ring.
Definition 4.2.1. Let M be an A-module. The tensor algebra of M is the A-module

T(M) = P T'(M) where T'(M) =A and T (M) = M®@4- @M.

ieN i-times

Please note the calligraphic difference in the notation T(M) for the tensor algebra
and the notation 7' (M) for the torsion submodule of M.

Lemma 4.2.2. Let M be an A-module. Then the canonical inclusion ity @ A =
TO(M) — T(M) and the multiplication map given by

m T{(M) x T/ (M) — T (M)
(Mm@ @min®..0n;) — m®..QmenQ...0n;

on the homogeneous parts of T(M) turn T(M) = @T/(M) into a graded A-algebra.

Proof. By definition, 1y is a ring homomorphism with ¢t (A) C TO(M), and T(M)
is an A-module with respect to the grading T(M) = @ T'(M). We leave it as an exercise
to verify that the maps m; ; define a multiplication m : T(M) x T(M) — T(M) that turns
T(M) into an A-algebra. O

Remark. Typically the tensor algebra T(M) is non-commutative. For example if M = A?
with basis {v,v2}, then vi - v = v; ® v, is not equal to v; - vi = vo ® vp. Note that if M
is a free A-module (of rank r), then T(M) is a free A-module (of rank ), and thus T(M)
is a free A-module.

Lemma 4.2.3. Let M and N be A-modules and f : M — N a homomorphism. Then the
map T(f) : T(M) — T(N) that maps a homogeneous element m; ® - -- @ m; € T'(M)
to f(m)) ®@---® f(m;) € T(N) is a graded homomorphism. This defines a covariant
functor T : Modyg — GrAlg,.

Proof. Let g =T(f) and a,b € T(M). We have g(a+b) = g(a) + g(b) by the multi-
linearity of the tensor product and g(ab) = (g(a)) - (g(b)) by the definition of the product
of the tensor algebra and T(f). Also the remaining properties g o (M) = tr(n) and

g(T(M)) C T/(N) follow at once from the definition of T(f). Thus T(f): T(M) — T(N)
is a graded homomorphism.

We continue with verifying that this defines a covariant functor T : Mod4 — GrAlg,.
Clearly, T(idps) : T(M) — T(M) is the identity map. Given homomorphisms f : M — N
and g : N — P of A-modules, we have

(T(gof))(m @ --@m;) = (gof)(m)@---®(gof)(m)
= (T(2) (f(m)®@---@ f(m1)) = (T(g)oT(f))(m1 ®:--@m),

which shows that T : Mod4 — GrAlg, is indeed a covariant functor. O
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Proposition 4.2.4. Let M be an A-module. Then the tensor algebra T(M) of M together
with the canonical inclusion 1y - M = T (M) — T(M) satisfies the following universal
property: for every graded A-algebra B = @ B; and every A-linear map f : M — By,
there is a unique graded homomorphism f T(M) — B of graded A-algebras such that
f = fouy, i.e. the diagram

M
LMl O - -

T(M) -

commutes.

Proof. We leave the proof as Exercise 4.2. ]

4.3 The symmetric algebra

Let A be a (commutative) ring. Let S; be the symmetric group on {1,...,i}.

Definition 4.3.1. Let M be an A-module and T(M) the tensor algebra of M. Define
Ip = {0} and for all i > 0 the submodules

L = (m @ @mi—my @ @myq € T(M) |m @---@m; € T(M),0 €S;)

of T'(M). Let I = @;cn ;. The symmetric algebra of M is the A-module Sym(M) =
T(M)/I.

Lemma 4.3.2. Let M be an A-module, T(M) its tensor algebra and I = @I; the
submodule of T(M) from Definition 4.3.1. Then I is a graded ideal of T(M) and
Sym(M) = @ Sym' (M) for Sym‘(M) = T!(M) /I,. The symmetric algebra Sym(M) is
a commutative graded A-algebra.

Proof. We begin with the verification that / is a graded ideal of T(M ). Clearly, I; C
T’(M)..Given a permutation o € S; and elements m; ® ---@m; € T"(M) and n; ® - - ®
n; € T/(M), we have

which is an element of I'*/. By linear extension to sums of homogeneous elements, this
shows that I T(M) = I and, similarly, T(M)I = I, which completes the proof that [ is a
graded ideal of T(M).

By Lemma 4.1.4, the quotient Sym(M) = T(M)/I is a graded A-algebra. That
Sym(M) is commutative can be verified on generators of the forms m = [m| ® - - - ® m;]
and 1= [n; ®--- ®n;] of Sym(M). Since

me:--Q@mIn @ Qn;j—n Q- Qn;Qdm - Q@m,
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is in I'"/, we have mii = iim in Sym(M ), which shows that Sym(M) is commutative and
completes the proof. O

Lemma 4.3.3. Let M and N be A-modules and f : M — N an A-linear map. Then the
association

Sym(f):  Sym(M) — Sym(N)
M@ @m] — [f(m)®- & f(m)]

defines a graded homomorphism of A-algebras. This yields a covariant functor Sym :
Mod, — GrAlg,.

Proof. Let Iy; and Iy be the graded ideals that define the respective symmetric alge-
bras Sym(M) = T(M) /Iy and Sym(N) = T(N)/Iy. From the definition of the graded
homomorphism T(f) : T(M) — T(N), it is evident that it maps Ijs to Iy. Thus by the
universal property of graded quotients (Proposition 4.2.4), the graded homomorphism
T(M) — T(N) — Sym(N) induces a morphism Sym(f) : Sym(M) — Sym(N) that
maps [m] € Sym(M) = T(M)/Iy to (T(f))(m).

Clearly, Sym(idys) = idgym(u)- Given two homomorphisms f: M — N and g: N —
P of A-modules, it is immediately verified on generators that Sym(go f) = Sym(g) o
Sym(f). Thus Sym : Mod4 — GrAlg, is a covariant functor. O

Proposition 4.3.4. Let M be an A-module, T(M) its tensor algebra and Sym(M) its
symmetric algebra.

(1) The composition 1y : M — T(M) — Sym(M) of the canonical inclusion M =
T (M) — T(M) with the quotient map T(M) — Sym(M) is an injective homo-
morphism of A-modules with image Sym' (M).

(2) The symmetric algebra Sym(M) together with the the inclusion vy : M — Sym(M)
satisfies the following universal property: for every commutative graded A-algebra
B = @ B; and every A-linear map f : M — By, there is a unique graded homo-
morphism f : Sym(M) — B of graded A-algebras such that f = f o vy, i.e. the

diagram
M L B
LMl O/,/’:/
Sym(M) -
commutes.
Proof. We leave the proof as Exercise 4.3. ]

Recall from Example 4.1.3 that the polynomial ring B = A[T1,...,T,] is a graded
A-algebra with respect to the A-submodules

B, = {(,ZT]el...Tnen aEA,el,...,enerithel+...+en:i}_
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Lemma 4.3.5. Let M be a free A-module of finite rank r with basis B = {vy,...,v,}.
Then the association
Alh,...,T,] — Sym(M)
T; — Vi

defines an graded isomorphism of graded A-algebras, and Sym' (M) is free of rank

(1) - e

Proof. We leave the proof as Exercise 4.4. ]

4.4 The exterior algebra
Let A be a commutative ring.

Definition 4.4.1. Let M be an A-module and T(M) its tensor algebra. Define Iy = {0}
and for i > 0 the submodules

I = <m1®...®mi€Ti(M)]mk:m,forsomek#l}

of T/(M). Let I = @,cn I;. The exterior algebra of M is the quotient A(M) =T(M)/I.
The i-th exterior power of M is the quotient A'(M) = T'(M) /I;. We write mj A ... Am;
for the class of m; ® ... ®@m; in A(M).

Lemma 4.4.2. Let M be an A-module, T(M) its tensor algebra and I = @,y 1; the
submodule of T(M) from Definition 4.4.1. Then I is a graded ideal of T(M) and
AM) =PAN (M) is a graded A-algebra.

Proof. By definition, we have [; C T (M) and I = D1I,. Consider elements m; @ - -+ &
m; € I;, i.e. my = m; for some k # [, and ny ® - - - ®n; € T/(M). Then their product

still satisfies my = my and is thus contained in /;; ;. Thus JA(M) = I, and similarly,
A(M)I = 1. This shows that I = @®,cy; is a graded ideal. By Proposition 4.1.5, the
quotient A(M) = @ A'(M) is a graded A-algebra. O

Lemma 4.4.3. Let M and N be A-modules. Then the association

A AM) — AN)
miA---Amp > f(mp)A--- A f(my)

defines a graded homomorphism of A-algebras. This yields a covariant functor A :
Mod, — GrAlg,.
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Proof. Let Iy and I, be the respective defining ideals of A(M) = T(M) /Iy and A(N) =
T(N)/Iy. The graded homomorphism T(f) : T(M) — T(N) maps Iy to Iy, and thus
the composition T(M) — T(N) — A(N) with the quotient map 7 : T(N) — A(N) maps
all elements of Ij; to 0. Thus by the universal property of quotients of graded algebras
(Proposition 4.1.5), there is a unique graded homomorphism A(f) : A(M) — A(N) that
maps my A...Am;to f(my)A...A f(m;), which completes the proof. O

Proposition 4.4.4. Let M be an A-module and A(M) its exterior algebra. Then the
following holds.

(1) Forall m,n € M, we have m A\n= —n/Am.

(2) The defining ideal I of A(M) = T(M)/I is the smallest graded ideal of T(M) that

contains the submodule

L = <m®m|mEM>A.

(3) If M is generated by r elements, then A'(M) = 0 for all i > r.
Proof. Claim (1) follows since
0= (m+n)AN(m+n) = m/\()m+mAn+n/\m—|—n/\()n

implies m An = —n /A m, as desired.
We continue with (2). Given m; ® ... ® m; with my; = m; for some k < [, we can use
(1) repeatedly to gain the equality

m®..om = £(m@m)- (m Q.. .mg...m...0m;),
I
€l

which shows that every ideal containing I; contains /. Thus (2). .
We continue with (3). If M is generated by vy, ...,v,, then every element of T'(M)
can be written as a linear combination

Zagva(l) Q. Ve (s

for certain a, € A where o varies through all maps o : {1,...,i} — {1,...;r}. Ifi>r,
then every map o : {1,...,i} — {1,...,r} fails to be injective, and thus every element
Vo(1) @ ... ®V,(; 1n this expression is in ;. This shows that } asv, () A... Avy;) =0
for i > r. Thus (3).

Definition 4.4.5. Let M and N be A-modules and i > 0. A map f: M’ — N is multi-
linear if for all k € {1,...,i}, for all a € A and for all elements m = (mj,...,m;) and
n=(ny,...,n;) of M" with m; = n; for [ # k, we have
f((my,. . omy,ampmyyy, ... om)) = a.f(m),
F((my, . omy g+ gy, mg)) = f(m)+ f(n).
A map M' — N is alternating if it is multi-linear and if f((m,,...,m;)) = 0 for every
(my,...,m;) € M for which my = m; for some k # L.
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Proposition 4.4.6. Let M be an A-module, i > 0 and A'(M) its i-th exterior power. Then
the following holds.

(1) The map o : M' — A'(M) that sends (my,...,m;) to mi A ... \m; is alternating.

(2) The i-th exterior power A(M) of M together with the alternating map o : M' —
A{(M) satisfies the following universal property: for every A-module N and every
alternating map f : M' — N, there is a unique A-linear map f : A’ (M) — N such
that f = foa, i.e. the diagram

M : /gN

commutes.

Proof. The map « is the composition of the multilinear map 3 : M' — T!(M) to the
i-th tensor power of M followed by the quotient map 7 : T!(M) — A/(M), and therefore
multilinear itself. By the definition of A’(M), we have a((my,...,m;)) =0 if m = my
for some k # [. Thus « is alternating, as claimed in (1).

Consider an alternating map f : M’ — N. By the universal property of the tensor
product (Proposition 3.3.3), there is a unique A-linear map f : /(M) — N such that
f=fopB. Form ®...@m; € T'(M) with my = m; for some k # [, we have by our
assumptions

fim®...@m) = f((m,....m)) = 0.

Since the defining submodule I; of A/(M) = T!(M)/I; is generated by elements m; @
... ®@m; with my = m; for some k # [, the universal property of quotient modules
(Propositions 3.2.2) implies that there is a unique morphism f : A/(M) — N such that
f=fom Thus f = foa=homoa = fof, as desired. The uniqueness of f follows
from the construction. [

Example 4.4.7. The following is a key example of an alternating map. Let M be a free
A-module with basis {vi,...,v,}. Then the determinant det : M" — A, which is defined
by
r r r
det <Z i 1Viy---s Z aimv,-) = Z <sign(a) Ha,—’g(i)> ,
i=1 i=1 oes; i=1

is alternating. By the universal property of the r-th exterior power of M, this yields an A-
linear map det : A”(M) — A with det = deto« where a : M” — A’(M) is the alternating
map that sends (my,...,m,) tom; A... Am,. Note that since det ((vy,...,v,)) = 1, the
A-linear map det : A"(M) — A is surjective.

Leti,re N. Amapo:{l,...,i} = {1,...,r} is strictly order preserving if o (k) <
o(l) forall k,l € {1,...,i} withk < L.
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Theorem 4.4.8. Let i,r € Nwith i < r and M be a free A-module with basis {viyoooyvr k.
Then A'(M) is a free A-module of rank (%) with basis

o:A{1,...,i} = {1,...,r} strictly orderpreserving}

B = {vg(l) N... /\Va(i)
where we apply the convention that the empty wedge product is 1, i.e. Bo = {1}.

Proof. By Proposition 4.4.4.(1), we have
Vg N AViyp = sign(o). (vig A-.. Avg,)

forall ky,...,k; € {1,...,r} and permutations o € S;, and vy, A... Ay, = 0if k, = kg for
some r # s. This shows that B; generates M, and thus the natural map @ : 5. A.v —
AM is surjective.

We continue with showing that ® is injective and thus an isomorphism. If i =0,
then A°(M) = T°(M) = A by definition, and thus By = {1} is a basis. For i = r, the
association a — a.(vi A ... Av,) defines an A-linear map A — A"(M) that is inverse to
the A-linear map det : A(M)" — A from Example 4.4.7. Thus A’ (M) ~ A is free of rank
1 with basis B, = {vi A...Av,}.

For 1 <i<r—1, we consider a relation

Z ag.(vg(l)/\.../\vg(i)) = 0OA...NO.

o{l,..,i}—={1,..r}
strictly order preserving

with a, € A. We need to prove that a; = 0 for every strictly order preserving map
7:41,...,i} = {1,...,r}. Since 7 is injective, we can extend it to a bijection 7 :
{1,...,r} = {1,...,r}. This allows us to define the A-linear map f : A'(M) — A" (M)
with
f(vg(l) VAR /\va(i)) = Vo) N AVo(iy AVa(ir1) N e - AVa(p)

If 0:{1,...,i} — {1,...,r} is another order preserving map with imo = imr, then
necessarily o = 7. Thus if o # 7, then im0 contains an element of {#(i+1),...,7(r)}.
Therefore we can deduce that

0= 0/\"'/\0/\‘)?(1'—0—1)/\"'/\v?(r)
= Z ao'.(vo-(l) /\.../\vg(i) /\V7e(5+1) /\.../\Vf.(r))

o{l,..it—={l,..r}
strictly order preserving

= aT.(v+(1) N... /\Vf'(i) /\Vf'(i-l—l) N... /\Vf.(,.))
= (sign(#)as).(viA... Avj).

Since A"(M) ~ A, this implies that a, = 0. Thus ® : @5 A.v — A'M is an isomor-
phism and B; is a basis for A/(M). The rank of A/(M) is equal to

#B, = {i-subsetof{l,...,r}} = (;)’

which completes the proof of the theorem. ]
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4.5 Exercises

Exercise 4.1. Prove Proposition 4.1.5.
Exercise 4.2. Prove Proposition 4.2.4.
Exercise 4.3. Prove Proposition 4.3.4.
Exercise 4.4. Prove Lemma 4.3.5.

Exercise 4.5. Let M be a free A-module of rank r > 0 with basis {vi,...,v,}. Show that

the map
Alh,...,T,] — Sym(M)
T; — Vi

is a graded isomorphism of graded A-algebras. Show that T!(M) is free of rank ' and
that Sym'(M) is free of rank (’”Li._]).

Exercise 4.6. Let A be a Q-algebra and M a finitely generated A-module. The exponen-
tial map exp : A(M) — A(M) is defined by the formula

1
exp(x) = 1+ Z E(x/\.../\x).
k=1 k—times

Show that exp(x) is equal to a finite sum, and therefore well-defined as an element of
A(M). Calculate the expressions exp(m) and exp(m An—+ o A p) where m,n,o,p € M.
Does the formula exp(x +y) = exp(x) A exp(y) hold for any x,y € A(M)?

Exercise 4.7. Let M be an A-module. Consider the ideals
I = (m@mmeM) and J = (m@n+n@m|mneM)

of T(M). Show that I = J if 2 is invertible in A. Give an example for A and M where
I#J.

Exercise 4.8. Let [ < r be positive integers and M a free A-module with basis {vy,...,v,}.
Fori=1,...,rand j=1,...,/,letq; ; € A and define the elements

r
mj = Z a,‘JV,'
i=1

of M.

(1) Show that there is a unique element J, € A for every strictly order preserving
maps o : {1,...,I} — {l,...,n} such that

mAN...\m; = 2(50.(\/0(1)/\.../\\/0(1))

as elements of A/(M) where o ranges through all strictly order preserving maps
o:{l,...,1} = {1,...,n}. Show that

0o = det(ai ) icimo -
=l
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)

Let f: M — M be an endomorphism and A" (f) : A"(M) — A"(M) the induced
linear map. Let a; ; € A such that f(v;) = Y yaij.vjfori=1,...,r. Conclude
that

6 = det(a; )i j=1,..r

is the unique element of A such that

(A" () (A AV) = 8. (VA AV,).

Exercise 4.9. This is a continuation of Exercise 4.8. However, we assume that A = k is
field for this exercise. Consequently, M is a k-vector space.

)
2)

3)

Show that mj A ... Amy # 0 if and only if {m;,...,m;} is linearly independent.

Assume that {my,...,m;} and {m), ... ,m;} are linearly independent subsets of M.
Show that there is a A € k* such that

myA.Amp = Xemp AL Amy.

if and only if {m,...,m;} and {m/,...,m;} span the same /-dimensional subvec-
tor space N of M.

Hint: If they span the same subvector space N, then one can find a / x [-base
change matrix. What is the effect of this matrix on the coefficients J, from
Exercise 47

Define P(A/(M)) = (A'(M)—{0}) /k* as the set of equivalent classes of nonzero

elements of A/(M) modulo scalar multiplication by nonzero A € k*. Conclude
from the previous part of the exercise that there is a well-defined inclusion

{-dimensional subvector spaces of M} — P(A/(M)).

Remark: The set P(A!(M)) is called the projective space of A'(M), the above
inclusion is called the Pliicker embedding and its image is called the Grassmann
variety Gr(l,n) of I-subspaces in n-space.






Chapter 5

Groups

5.1 Basic definitions
Definition 5.1.1. A group is a set G together with a map

m: GxG — G
(a,b) —— a-b=ab

such that
(1) (ab)c = a(bc) for all a,b,c € G, (associativity)
(2) there is an e € G such that ae = a for all a € G, (neutral element)
(3) forevery a € G, thereis ab € G such that ab = e (inverses)

for all a,b,c € G where (ab)c = m(m(a,b),c) and a(bc) = m(a,m(b,c)). We call the
map m the multiplication of G.

Note that the associativity allows us to write products aj - - - a, without ambiguity in
which order we multiply the elements ay,...,a, € G.

Lemma 5.1.2. Let G be a group and e,a,b € G such that ce = c for all c € G and
ab =e.
(1) If c € G satisfies c-c = c, then c = e.

(2) We have ec = c for all ¢ € G. If an element ¢ € G satisfies ce’ = ¢ for all c € G,
then ¢’ = e.

(3) We have ba = e. If an element b’ € G satisfies ab' = e, then b’ = b.

Proof. Let ¢ € G be an element with c¢- ¢ = c¢. By axiom (3), there is an element d € G
such that cd = e. Thus ¢ = ce = ccd = c¢d = e, which establishes (1).
Using this observation, we use all axioms of a group to conclude that

(ba)(ba) = b(ab)a = bea = (be)a = ba,

129
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which implies that ba = e by applying (1) to ¢ = ba. This establishes the first claim of
(3). Consequently, we have for every ¢ € G that

ec = (cd)c = c¢(dc) = ce = ¢

where d € G satisfies cd = e and thus also dc = e. This establishes the first claim of (2).
Given an element ¢’ € G such that ce’ = ¢ for all ¢ € G, then ¢/ = e¢’ = ¢, which
establishes the second claim of (2). Given an element b’ € G such that ab’ = e, then

b = eb = (ba)b' = b(ab') = be = b,
which establishes the second claim of (3) and completes the proof of the lemma. ]

We call the element e the neutral element of G. We write a~! for the element b
with ab = e and call it the inverse of a. The association a — a~! defines the inversion
i: G — G. For an integer i > 0 and a € G, we define

a =a--a, a’ = e, a'=a " --a

i-times i-times
Note that (ab)~! = b~la~! since (b~ 'a=1)(ab) =e.

Definition 5.1.3. Let G and G’ be groups. A group homomorphism from G to G’ is a
map f : G — G’ such that f(ab) = f(a)f(b) for all a,b € G. This defines the category
Groups of groups.

Lemma 5.1.4. Let f : G — H be a group homomorphism. Then f(e) =eand f(a') =
fla) forallac G andi€ Z.

Proof. Since ee = e, we have f(e)f(e) = f(e), and thus Lemma 5.1.2,(1) implies that
f(e) = e is the neutral element of H. Thus the first claim of the lemma and f(a®) = f(a)°.
For i > 0, we have f(a') = f(a)’ by a repeated application of the defining property of a
group homomorphism.

For a € G with inverse a~!, we have f(a)f(a~') = f(aa™') = f(e) = e, and thus
f(a™') = f(a)~" is the unique inverse of f(a) in H. Using that ¢’ = (a= ')/, we
conclude that f(a') = f(a)' fori < 0. O

Definition 5.1.5. A subgroup of G is a nonempty subset H of G such that ab™! € H
for all a,b € H. We write H < G to denote a subgroup H of G.

Let S be a subset of G. The subgroup generated by S is the intersection (S) of all
subgroups of G that contain S. We write (ay,...,a,) for ({aj,...,a,}). A group G is
cyclic if G = (a) for some a € G.

Let I be a set and {G;}cs be a family of groups. The product of {G;} is the group

HGi = {(ai)ier | ai € G},

icl
together with the coordinatewise multiplication given by (a;) - (b;) = (aib;). The direct
sum of {G;} is the subgroup

PG = {(ai)iel e[]G:

icl icl

a; = e for all but finitely many i € / }
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Remark. We include some remarks on these definitions. A subgroup of a group G is
the same thing as a subset H of G such that the multiplication m of G restricts to a map
mpy : H X H — H and such that H is a group with respect to my. Since H is nonempty,
it contains an element a and thus e = aa !, as well as ¢!

Since the intersection of subgroups of G is a subgroup, (S) is indeed a subgroup of
G. An isomorphism in Groups (in the sense of Definition 2.3.1) is a bijective group
homomorphism. We leave the verification of these facts as an exercise, as well as the
claims that the product and the direct sum of groups is a group.

:eafl.

5.2 Cosets

Definition 5.2.1. Let G be a group and H a subgroup of G. A left coset of H is a subset
of the form aH = {ah | h € H} of G for some a € G. A right coset of H is a subset of
the form Ha = {ha | h € H} of G for some a € G. We write

G/H = {aH | a € G} and H\G = {Hal|ac G}
for the families of right and left cosets of G, respectively.
Lemma 5.2.2. Let G be a group and H a subgroup of G. Then we have for all a,b € H,

(1) aH = H ifand only ifa € H;

(2) b € aH if and only if aH = bH, which is the case if and only ifa='b € H;
(3) aH = bH or aH NbH = &;

(4) aH and bH have the same (possibly infinite) cardinality.

Proof. We begin with (1). If aH = H, then a = ae € aH = H. Conversely, assume that

a € H. Since H is a subgroup of G, we have ah € H for all h € H and thus aH C H.

Since a~! € H, we have a~'h € H for all h € H and thus h = a(a‘lh) € aH, which
shows that H C aH. Thus aH = H as claimed, which establishes (1).

We continue with (2). We have b € aH if and only if b = ah for some h € H, which
is the case if and only if bH = ahH = aH since hH = H by (1). Multiplying aH = bH
with a~! from the left yields a—'bH = H, which is equivalent with a~'b = h € H by
(1). Thus (2).

We continue with (3). If there is an element ¢ € aH NbH, then aH = cH = bH by
(2). Thus (3).

We continue with (3). The map

aH — bH
ah +—— (ba~')ah

is a bijection whose inverse sends an element bh € bH to (ab~!)bh. Thus aH and bH
have the same cardinality, which establishes (4). [l
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Definition 5.2.3. Let G be a group and a € G. The order of G is the cardinality ord(G)
of G. The order of « is the cardinality ord(a) of the cyclic subgroup (a) generated by a.
Let H be a subgroup of G. The index of H in G is the cardinality (G : H) of G/H.

Remark. If the order of a € G is finite, then it is the smallest positive integer i such that
a' = e. If the order of a is infinite, then @' # e for all positive integers i.

Theorem 5.2.4 (Lagrange’s theorem). Let G be a finite group and H a subgroup of G.
Then ord(G) = (G : H) -ord(H). In particular, both the order of H and the index of H
in G divide the order of G.

Proof. By Lemma 5.2.2.(3), the left cosets of H are disjoint, and thus

G = H aH.

aHeG/H

By Lemma 5.2.2.(4), all cosets have the same cardinality #H, and thus #G = #(G/H ) -
#H, which proves the theorem. []

Corollary 5.2.5. Let G be a finite group and a € G. Then ord(a) divides ord(G).

Proof. This follows at once from Lagrange’s theorem (Theorem 5.2.4) applied to the
cyclic subgroup H = (a). O

5.3 Normal subgroups and quotients

Definition 5.3.1. Let G be a group. A subgroup N of G is normal if aN = Na for all
a € G. We write N < G for normal subgroups N of G. If N is a normal subgroup of G,
then we call G/N the quotient of G by N.

Remark. Note that we can rewrite the condition aN = Na as aNa—' = N. This means
that a subgroup N of G is normal if and only if aNa~! = N for all a € G.

Proposition 5.3.2. Let G be a group and N a normal subgroup of G. Then G/N is a
group with respect to the multiplication

m: (G/N)x(G/N) — G/N
(la],[p]) —  |ab]

where we write [a] for aN. The quotient map 7y : G — G/N with ©(a) = [a] is a
surjective group homomorphism.

Proof. We begin with the verification that m is well-defined. Consider a,a’,b,b' € G
with [a] = [d'] and [b] = [b/]. Then

m([a],[b]) = abN = ab’N = aNb' = d'Nb' = d'b'N = m([d],[b'])

since ’N = Nb'. Thus m is well-defined as a map.
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We verify that 7 turns G/N indeed into a group. The multiplication 7 is associative
since for all a,b,c € G,

([db])le] = [(ab)e] = la(be)] = [al([b][c])-

The class [e] of e is neutral for G/N since [a|[e] = [ae] = [e] for all a € G. Given a € G,
the class [a~!] is an inverse of [a] in G/N, since [a][a™!] = [aa~'] = [e].

The map 7y is clearly surjective. It is a group homomorphism since 7y (ab) = [ab] =
[a][b] = mn(a)mn (D). This completes the proof. O

Definition 5.3.3. Let f : G — H be a group homomorphism. The kernel of f is the
subsetker f ={a € G| f(a) =e} of G.

Lemma 5.34. Let f : G — H be a group homomorphism. Then its kernel ker f is a
normal subgroup of G.

Proof. Since f(e) = e, the kernel ker f is not empty. Given a,b € ker f, we have
flab™") = f(a)f(b)~! = e, and thus ab~' € ker f. Thus ker f is a subgroup of G. Let
a € Gand b € ker f. Then by Lemma 5.1.4,

flaba™") = f(a) f(b) fla)™' = e,
~~

=e

which shows that aba~! € ker f. Thus a(ker f)a~! C ker f for all a € G. Multiplying
with a~! from the left and with a from the right yields ker f = a~! (a(ker f )a")a C
a '(ker f)a for all a € G. Replacing a by a~! in this last inequality shows that
a(ker f)a—' = ker f for all a € G. Thus ker f is a normal subgroup of G. O

Remark. Note that a normal subgroup N equals the kernel ker 7y of the quotient map
7y : G — G/N. Thus the subsets of G that are kernels of morphisms into other groups
are precisely the normal subgroups of G.

Lemma 5.3.5. A group homomorphism f : G — H is injective if and only if ker f = {e}.

Proof. Assume that f is injective. Since f(e) = e, the kernel ker f contains e € G. Since
f is injective, e € G is the only element that is mapped to e € H and thus ker f = {e}.
Conversely assume that ker f = {e} and consider a,b € G with f(a) = f(b). Then
f(a'b) = f(a)~'f(b) = e and thus a~'b € ker f. By our assumption, a~'b = e and
thus a = b, as desired. ]

Lemma 5.3.6. Let f : G — H be a group homomorphism. Then its image
imf = {a€H|a= f(b) for some b € G}
is a subgroup of H.

Proof. Since f(e) = e, the image im f is not empty. Given a,b € im f, i.e. a = f(c) and
b= f(d) for some c,d € G, we have ab~! = f(c)f(d)~' = f(cd~"), which shows that
ab~—! € im f. This shows that im f is a subgroup of H. ]
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5.4 The isomorphism theorems

Theorem 5.4.1 (First isomorphism theorem). Let f : G — H be a group homomorphism.
Then the association _
f: G/kerf — imf
[a  — f(a)

is an isomorphism of groups.

Proof. We begin to verify that f is well-defined as a map. Given a,b € G with [a] = [b],
i.e. a = bh for some h € ker f, then

fla) = f(bh) = f(b)f(h) = f(b)e = f(b),
which shows that the value f ( [a]) = f(a) does not depend on the choice of representative
a for [a].

We continue with showing that f is a group homomorphism. Given a,b € G, we

have
f(lallp]) = f(lab]) = f(ab) = f(a)f(b) = [(la])f([t]),
as desired.

The group homomorphism f is surjective by the definition of its codomain as the
image im f of f. Since f ([a]) = e if and only if a € ker f, the kernel of f consists of a
unique element, which is [¢] = ker f. Thus by Lemma 5.3.5, f is injective. This shows
that f is an isomorphism of groups. ]

Theorem 5.4.2 (Second isomorphism theorem). Let G be a group, H a subgroup and N
a normal subgroup of G. Let HN = {hn € G|h € H,n € N}. Then

(1) HN is a subgroup of G;
(2) HNN is a normal subgroup of H;
(3) the map
H/(HNN) — (HN)/N
a(HNN) r— aN

is an isomorphism of groups.

Proof. We begin with (1). Clearly, HN is not empty. Consider hn,h'n’ € HN where
h,h' € H and n,n’ € N. Then n” = (h~'%)~'n='(h~'H') is in N since N is a normal
subgroup and thus
(hn)_lh/n' _ n—lh—lh/n/ _ h—lh/n//n/
is an element of HN. This shows that HN is a subgroup of G. Thus (1).
We continue with (2). By Lemma 5.3.4, the kernel H NN = ker f of the restriction
f+H — G/N of the quotient map G — G/N to H is a normal subgroup of H. Thus (2).

We continue with (3). By the first isomorphism theorem (Theorem 5.4.1), f induces
an isomorphism

f:H/(HNN) = H/kerf —imf = HN/N
that maps a(H NN to aN, which verifies (3). O
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Theorem 5.4.3 (Third isomorphism theorem). Let G be a group and N a normal sub-
group. Let 7 : G — G/N be the quotient map. Then

o {subgroups of G containing N} — {subgroups of G/N}
H oo H/N =n(H)

is an inclusion preserving bijection. A subgroup H of G that contains N is a normal
subgroup of G if and only if H/N is a normal subgroup of G/N, and in this case, the
map

G/H — (G/N)/(H/N)

aH +— (aH)(H/N)

is a group isomorphism for every subgroup H of G containing N.

Proof. We begin with the first claim of the theorem. By Lemma 5.3.6, the image 7 (H )
of H is a subgroup of G/N, which shows that ® is well-defined as a map. Conversely,
the inverse image 7r_1(H’ ) of a subgroup H' of G/N contains N and is a subgroup
of G since for a,b € G with 7(a),(b) € H', we have 7(a~'b) = n(a)~'n(b). Since
H = (7r*1 (H' )) , we conclude that @ is surjective. If H is a subgroup of G containing
N, then H = HN = H/N as subsets of G and thus H = 7~ ! (H /N), which shows that ®
is injective. It is clear that ® is inclusion preserving. This verifies the first claim of the
theorem.

We continue with the second claim. Let H be a subgroup of G containing N. Then
NH = H and thus [a]H = aH for the class [a] = aN of an element a € G, and similarly
Hla] = Ha. Thus we have aH = Ha if and only if [a|H = H[a], which shows that H is
normal in G if and only if H/N is normal in G/N. Thus the second claim.

We continue with the last claim. Let H be a normal subgroup of G containing
N. Then the group homomorphism f : G — (G/N)/(H/N) sending a to aH(H/N) is
surjective with kernel HN = H. Thus by the first isomorphism theorem (Theorem 5.4.1),
this yields a group isomorphism

f: G/H = G/kerf — imf = (G/N)/(H/N)

that sends aH to f(a) = aH(H/N), which establishes the last claim and concludes the
proof. []

5.5 Group actions
Definition 5.5.1. Let G be a group and X a set. A (left) action of G on X is a map

GxX — X
(a,x) —— ax

such that
ex = x and (ab).x = a.(b.x)

for all a,b € G and x € X.
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One often refers to a left action of G on X by the notation G C X. Since we will not
consider right actions in this text, we will simply refer to a left action by an action of G
on X. Often, we suppress the map G x X — X from the notation, and simply say that G
acts on X, and write a.x for the image of (a,x) under the action.

Example 5.5.2. Let G be a group and H a subgroup of G. Then the action

HxG — G
(a,x) — ax

of H on G is called the left translation by H, and the action

HxG — G

(a,x) — axa™!

of H on G is called the conjugation by H. We leave it as an exercise to verify that both
maps define indeed actions of H on G.

Definition 5.5.3. Let G be a group that acts on a set X and x € X. The orbit of x is
the subset O(x) = {a.x | a € G} of X, and x is a fixed point if O(x) = {x}. We write
G\X = {O(x) | x € X} for the collection of all subset of X that are orbits of X. The
stabilizer of x is the subset Stabg(x) = {a € G | a.x = x} of G.

Lemma 5.5.4. Let G be a group that acts on a set X. Then y € O(x) if and only if
O(x) = O(y) for all x,y € X, and O(x) N O(y) = & if not. Consequently,

x=]J o

0eG\X
Proof. We have y € O(x), i.e. y = a.x for some a € G, if and only if
O(x) = {bx|be G} = {(ca)x|ce G} = {cy|ceG} = O(),

which establishes the first claim. If O(x) N O(y) contains an element z, then this implies
that O(x) = O(z) = O(y), which verifies the second claim. Thus X decomposes into
a disjoint union of orbits of the action of G on X. This concludes the proof of the
lemma. O

Lemma 5.5.5. Let G be a group acting on X, a € G and x € X. Then Stabg(x) is a
subgroup of G and Stabg(a.x) = a(Stabg(x))a™".

Proof. Since e.x = x, the subset Stabg(x) is not empty. For b, ¢ € Stabg(x), we have
b e)x =bl(cx) = b lx=b"1(bx) = (b7'b)x = ex = x,

which shows that Stabg(x) is a subgroup of G.
We continue to verify that Stabg(a.x) = a(Stabg(x))a~!. For b € Stabg(x), we
have
(abaY).(a.x) = (aba"'a).x = (ab).x = a.(b.x) = a.x,
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which shows that a~'ha € Stabg(a.x). For ¢ € Stabg(a.x), we have

(a 'ca)x = ail.(c.(a.x)) =al(ax) = (a'a)x = ex = x,

which shows that ¢ € aStabg(x)a~!. Thus Stabg(a.x) = a(Stabg(x))a". O

Lemma 5.5.6. Let G be a group acting on a set X. Then #0(x) = (G : Stabg(x)) for
every x € X.

Proof. Consider the association

®: G/Stabg(x) — O(x),
aStabg(x) +—— ax

which is well-defined as a map since for b € Stabg(x), we have (ab).x = a(b.x) = a.x.
By the definition of O(x), the map ® is surjective. It is injective since a.x = b.x implies
that x = (a~'b).x and thus a~'b € Stabg(x), which means that a Stabg (x) = b Stabg(x).
Thus @ is a bijection and the cardinality of O(x) equals (G : Stabg(x)). O

5.6 Centralizer and normalizer

Definition 5.6.1. Let G be a group, a € G and H a subgroup of G. The center of G is
the subset Z(G) = {a € G | ab = ba for all b € G} of G. The centralizer of a in G is
the subset Cg(a) = {b € G | ab = ba} of G. The normalizer of H in G is the subset
Normg(H) = {a € G| aH = Ha} of G.

Remark. Let G x G — G be the action of G on itself by conjugation, i.e. a.x = axa™!
for a,x € G. Then the center Z(G) is the set of fixed points in G and the centralizer of an
element a equals Cg(a) = Stabg(a). By Lemma 5.5.5, this implies that the centralizer
of a is a subgroup of G. It is evident from the definition that the center of G is a normal
and commutative subgroup of G.

Let X be the collection of all subgroups of G and G x X — X the conjugation
action, i.e. a.H = aHa~'. Then the normalizer of a subgroup H equals the stabilizer
Normg(H) = Stabg(H) of H with respect to this action. By Lemma 5.5.5, this implies
that the normalizer of H is a subgroup of G. By its very definition, Normg(H) is the
largest subgroup of G that contains H as a normal subgroup. By Lemma 5.5.6, we have

#{aHa ' |a € G} = #O(H) = (G :Normg(H)).

Proposition 5.6.2 (Class equation). Let G be a finite group that acts on itself by conjuga-
tion. Let S C G a set of representatives of the conjugation classes O(x) = {axa™! | a € G}
of elements x € G. Let S' C S be the subset of all X € S such that #0(x) > 1. Then

ord(G) = Y (G:Csx)) = ord(Z(G))+ Y, (G:Cs(x)).

x€S xes’
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Proof. By Lemma 5.5.5, #9(x) = (G : Cg(x)) for every x € S. Thus Lemma 5.5.4 yields

the first equality
G = [Jow = Y (G:Cs(x)).

x€S xes

The second equality follows from the observation that (G :Co (x)) =#0(x) =1 if and
only if x € Z(G). O

Theorem 5.6.3 (Cauchy’s theorem). Let G be a finite group and p a prime number that
divides the order of G. Then there exists an element a € G of order p.

Proof. We first prove the theorem for the case that G is commutative. We proceed by
induction on n = ord(G). If n = 1, then there is nothing to prove.

Assume that n > 1. Choose an element a € G. If ord(a) = kp for a positive integer
k, then ord(a*) = p, and we are done. If p does not divide ord(a), then ord(G/(a))
is divisible by p and contains an element [b] = b(a) of order p. Since G is abelian,
[b)' = (b{a))! = b'(a) = [b']. Thus b’ € (a) if and only if i is divisible by p. Since e € (a),
this implies that ord(b) = kp for some positive integer k. Thus b* has order p as desired.
This proves that every abelian group contains an element of order p.

We turn to the case of an arbitrary group G, which we also prove by induction on
n = ord(G). If n = 1, then there is nothing to do.

Assume that n > 1. If there is an element a € G that is not in Z(G) and such that p
does not divide (G : Cg(a)), then p divides ord (Cg(a)) = ord(G) /(G : Cg(a)). Since
a ¢ Z(G), the subgroup Cg(a) has less elements than G, and thus we find an element of
order p in Cg(a) by the inductive hypothesis.

We are left with the case that p divides (G : Cg(a)) for all a € G—Z(G). Then the
class equation (Proposition 5.6.2)

ord(G) = ord(Z(G))+ ) (G:Cs(x))
S~ xes S
divisible by p divisible by p

shows that ord (Z(G)) is divisible by p. Since Z(G) is commutative, it contains an
element of order p, as we have proven before. O]

5.7 Sylow subgroups

Definition 5.7.1. Let G be a finite group and p a prime number. A p-group is a finite
group H whose order is a power of p. A p-subgroup of G is a subgroup that is a
p-group. A p-Sylow subgroup of G is a p-subgroup P of G such that p does not divide
(G:P).

Lemma 5.7.2. Let G be a p-group that acts on a finite set X. Then

#{xeX|0(x)={x}} = #X (mod p).
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Proof. By Lemma 5.5.4, we have

#x = #{xex|ox)={}}+ Y #o.
0eG\X
#0>1

By Lemma 5.5.6, the cardinality #0(x) = (G : Stabg(x)) of an orbit O(x) is a divisor of
ord(G) and therefore a power of p since G is a p-group. Thus if #0(x) > 1, then #0O(x)
is divisible by p, which proves the claim of the lemma. ]

Theorem 5.7.3 (Sylow theorems). Let G be a finite group and p a prime number. Then
the following holds.

(1) Every p-subgroup H of G is contained in a p-Sylow subgroup. In particular, G
contains a p-Sylow subgroup.

(2) All p-Sylow subgroups are conjugate to each other.

(3) Let ny, be the number of p-Sylow subgroups of G. Then n, =1 (mod p) and
np = (G : Normc;(P)) for any p-Sylow subgroup P of G. In particular, n, divides
(G:P).

Proof. To begin with, we show by induction on n = ord(G) that G has a p-Sylow
subgroup. If n = 1, the result is trivial.

Assume n > 1. If G has a proper subgroup such that p does not divide (G : H), then
H contains a p-Sylow subgroup P by the inductive hypothesis. Since p does neither
divide (G : H) nor (H : P), it does not divide (G : P) = (G : H)(H : P), which shows
that P is a p-Sylow subgroup of G.

If p divides (G : H) for all proper subgroups H of G, then the class equation
(Proposition 5.6.2)

ord(G) = ord(Z(G))+ ). (G:Cs(x))
S~ xe§ S~
divisible by p divisible by p

shows that ord (Z(G)) is divisible by p. By Cauchy’s theorem (Theorem 5.6.3), Z(G)
contains an element a of order p. Thus the subgroup N = (a) of G has order p and is
normal in G as a subgroup of Z(G). Let 7 : G — G/N be the quotient map.

By the inductive hypothesis, G/N contains a p-Sylow subgroup P/, i.e. ord(P’) = p*
for some k >0 and m = ((G/N) : P') is not divisible by p. Thus P =7"'(P') is a
p-group with ord(P’) -ord(N) = p**! elements. Since ord(G) = ord(N)-ord(G/N) =
mp**1, the index (G : P) = m is not divisible by p. Thus P is a p-Sylow subgroup of G,
which concludes the proof that G has a p-Sylow subgroup.

Let P be a p-Sylow subgroup and X = {aPa_1 | a € G}. Consider the action of G
on X by conjugation. Since X = O(P) and since Normg(P) is the stabilizer Stabg(P)
of P with respect to this action, we have #X = (G :Normg (P)) by Lemma 5.5.4. Since
Normg(P) contains the p-Sylow subgroup P, this implies that p does not divide #X.

Let H be a p-subgroup of G and let us consider the action of H on X by conjugation.

By Lemma 5.7.2, the number of fixed points is congruent to #X modulo p. Since p does
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not divide #X, there is a fixed point, i.e. a conjugate P’ = aPa~' of P such that H is
contained in Normg(P'). Since P’ has the same cardinality as P, it is also a p-Sylow
subgroup of G.

Since Normg(P') is the largest subgroup of G that contains P’ as a normal subgroup,
P’ is normal in HP'. By the second isomorphism theorem (Theorem 5.4.2), we have

(HP))/P' ~ H/(HNP'),

which shows that (HP' : P') is a divisor of ord(H) and therefore a power of p. We
conclude that ord(HP') = (HP' : P') -ord(P’) is a power of p, and thus HP' is a p-
subgroup G that contains P’. Since P’ is a p-Sylow subgroup, it is a maximal p-subgroup
and thus HP' = P’. This shows that H is contained in the p-Sylow subgroup P’, which
establishes (1).

If H is a p-Sylow subgroup itself, then it has the same cardinality as P’ and thus
H = P' = aPa~ " is a conjugate of P. This establishes (2).

Moreover, this shows that the action of the p-Sylow subgroup H on X by conjugation
has only one fixed point, namely H = aPa~! itself. Therefore Lemma 5.7.2 implies that
n, =1 (mod p). Since Normg(P) is the stabilizer of P under the action of G on X by
conjugation, Lemma 5.5.6 implies that n, = #X = (G : Normg(P)). In particular, np
divides (G : P) = (G : Normg(P)) - (Normg(P) : P). This completes the proof of (3)
and the theorem. O]

5.8 Exercises

In the following exercises, let G be a group with multiplication m : G x G — G, inversion
i : G — G and neutral element e.

Exercise 5.1 (Isomorphisms, monomorphisms and epimorphisms). Let f : G — H be
a group homomorphism. Show that f is an isomorphism in Groups (in the sense of
Definition 2.3.1) if and only if f is bijective. Show that f is a monomorphism if and
only if f is injective. Show that f is an epimorphism if and only if f is surjective.

Exercise 5.2 (Subgroups). Let H be a subset of G. Show that H is a subgroup of G if
and only if e € H,m(H x H) C H and i(H) C H. In other words, H is a subgroup if and
only if it is a group with respect to the restrictions of m and i to H.

Exercise 5.3 (The center). Show that the center of G
Z(G) = {a€eGlab=baforallbe G}

is a subgroup of G. Show that Z(G) is commutative. Show that every subgroup of Z(G)
is normal in G. Is every commutative subgroup of G normal?

Exercise 5.4 (The subgroup generated by a subset). (1) Let {H,};c; be a family of
subgroups of G. Show that the intersection (;c; H; is a subgroup of G.
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(2) Let S C G be a subset. Show that

ﬂ H = {alaz_l --~a2n,1a2_n1 |n>1anday,...,a, € SU{e}}
H<G with SCH

and conclude that there is a unique smallest subgroup (S) of G that contains S.

Exercise 5.5 (Orders of elements in commutative groups). Let G be a commutative
group and a,b € G. Show that ord(ab) divides ord(a) - ord(b). Is this also true if G is
not commutative?

Exercise 5.6 (Cyclic groups and the Klein four-group). (1) Classify all cyclic groups
up to isomorphism. Which of them are commutative?

(2) Show that a cyclic group of order n has a unique subgroup of order d for each
divisor d of n.

(3) Is the Klein four-group V = (Z/27) x (Z/2Z) cyclic? Is it commutative?

Exercise 5.7 (Dihedral groups). Let D,, be the group of symmetries of a regular polygon
with n sides. Show that D,, = (r,s) where r is a rotation around the center of the polygon
by an angle of 27 /n and s is the reflection at a line passing through the center of the
polygon and one of its vertices. What is the number of elements of D,,? Show that
D3 ~ §3, and that for n > 4, the dihedral group D, is not isomorphic to a symmetric

group.

Exercise 5.8 (Symmetric groups). The symmetric group S,, is the group of permutations
of the numbers 1, ..., n, together with composition as multiplication, i.e. 0 -7 =0co7. An
element o of S, is called a cycle (of length 1) if ord(c) = [ and if thereis ani € {1,...,n}
such that o(j) = jif j ¢ {i,a(i),...,0' ' (i)}; we write 0 = (i,0(i),...,o!~1(i)) in this
case.

(1) Show that (i,...,a'~'(i)) = (j,...,a'~1(j)) if j = ¢"(i) for some n > 0.

(2) Two cycles o = (i,...,o'~(i)) and 7 = (j,..., 71 (j)) are called disjoint if the
sets {i,...,0/"1(i)} and {j,...,7%"1(j)} are disjoint. Show that o and 7 are
disjoint if and only if 07 = 70.

(3) Show that every element of S,, can be written as a product of disjoint cycles.
(4) A transposition is a cycle (i, j) of length 2. Show that every element of S,, can be

written as a product of transpositions.

Exercise 5.9 (The sign). Let o be an element of S, and 0 = 7,0---0o7 and 0 = 7,, 0

-+~ o7{ two representations of o as a product of transpositions 71,...,7, and 77, ..., 7,

(1) Show that n —m is even. Conclude that the map sign : S, — {£1} that sends o to
(—1)" is well-defined.

(2) Show that sign is a group homomorphism.
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Exercise 5.10 (Theorem of Cayley). Let G = {aj,...,a,} be of finite order n. Define
the map f : G — S, that sends «; to the permutation o; with o;(i) = j such that a;a; = a;.
Show that f is an injective group homomorphism. Conclude that every finite group is
isomorphic to a subgroup of a symmetric group.

Exercise 5.11 (The alternating group). The alternating group A, is defined as the kernel
of sign: S, — {£1}. A group G is called simple if G # {e} and if the only normal
subgroups of G are {e} and G.
(1) Show that a cyclic group G of order n is simple if and only if n is a prime number.
(2) Show that A3 is simple. Show that A4 is not simple. What about A and A,?
(3) Show that A, is simple for n > 5.!
Exercise 5.12 (Quaternion group). The quaternion group Q consists of the elements

{#£1,+i,+j,+k}, and the multiplication is determined by the following rules: 1 is the
neutral element, (—1)?> = 1 and

P=pP=k=-1, (=)i=—i, (-1)j=—j, (=Dk=—k, ij=k=—ji.

(1) Is Q commutative?
(2) Describe all subgroups of Q.
(3) Which subgroups are normal? What are the respective quotient groups?

Exercise 5.13. Classify all groups with 6 elements and all groups with 8 elements up to
isomorphism.

Exercise 5.14 (Transitivity of index). Let H be a subgroup of G and K a subgroup of H.
Show that (G: K) = (G:H)(H : K).

Exercise 5.15 (Quotients by non-normal subgroups). Let H be subgroup of G. Show
that the association ([a], [b]) — [ab] is not well-defined on cosets [a],[b] € G/H if H is
not normal in G.

Exercise 5.16 (Alternative characterization of normal subgroups). A subgroup H of G
is normal if and only if gHg~! C H for every g € G.

Exercise 5.17 (Exercises on normal subgroups). Show the following statements.

(1) Every subgroup of index 2 is normal.

(2) Every subgroup of a commutative group is normal. Is there a non-commutative
group G such that every subgroup H of G is normal?

(3) The intersection of two normal subgroups is a normal subgroup. If both normal
subgroups have finite index, then their intersection has also finite index.

IThis exercise is more difficult than others, but solutions can be found in the literature.
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Exercise 5.18 (Universal property of the quotient). Let N be a normal subgroup of G.
Show that the quotient map 7 : G — G/N satisfies the following universal property: for
every group homomorphism f : G — H with f(a) = e for a € N there exists a unique
group homomorphism f : G/N — H such that f = fo, i.e. the diagram

commutes.

Exercise 5.19 (Universal property of the product). Let {G;};c; be a family of groups
and G = [] G; their product.

(1) Show that the map 7; : G — G; that sends (g;)ics to g; is a surjective group
homomorphism for every i € I. These maps are called the canonical projections.

(2) Show that the product together with the canonical projections satisfies the fol-
lowing universal property: for every family of group homomorphisms {f; : H —
Gi}ier, there is a unique group homomorphism f : H — []G; such that fj = 7o f
for every j € I, i.e. the diagram

——————————————— > 11Gi

\ l”f

Exercise 5.20 (Universal property of the direct sum). Let {G;};c; be a family of com-
mutative groups and G = @ G; their direct sum.

commutes for every j € I.

(1) Show that the map ¢; : G; — G that sends g to (g;) je; With g; = g and g; = ¢; for
J # i is an injective group homomorphism for every i € I. These maps are called
the canonical injections.

(2) Show that the direct sum together with the canonical injections satisfies the
following universal property: for every family of group homomorphisms {f; :
G; — H}ic; of commutative groups, there is a unique group homomorphism
f:@®G; — H such that f; = fo.; forevery j €1, i.e. the diagram

YC I R— H

commutes for every j € I.
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(3) Is the same true if H is a non-commutative group?
Exercise 5.21 (Some group actions). Show that the following maps are group actions:

(1) Spx{l,....,n} = {1,...,n}, with 0.i = o (i);

(2) GL,(R) x R* — R", with g.v = g- v (usual matrix multiplication);

(3) R* x R" — R", with a.v = a - v (scalar multiplication);

(4) the permutation of the vertices of a regular n-gon by elements of the dihedral
group D,,.

Exercise 5.22 (Center and centralizer). Consider the action of G on itself by conjugation.

(1) Show that

{xeG|O@x)={x}} = {acG|ab=baforallbeG}.

(2) Show that Cg(x) = {a € G | ax = xa}.
(3) Show that
Z(G) = ) Cg(x).

xeG

Exercise 5.23 (Normalizer). Let H be a subgroup of G. Show that its normalizer
Normg(H) is the largest subgroup of G containing H such that H is a normal subgroup
of Normg(H). Show further that the following properties are equivalent:

(1) H is normal in G;

(2) Normg(H) = G;

(3) H is a fixed point for the action of G on the set of all subgroups of G by conjuga-

tion.

Exercise 5.24 (Short exact sequences). A short exact sequence of groups is a sequence
e} 5N 26502 (o
of groups and group homomorphism such that im f; = ker f;,| fori = 1,2,3.

(1) Show that im f; = ker f; | for i = 1,2,3 holds if and only if f; is injective, if
im f, = ker f3 and if f3 is surjective.

(2) Show that N is isomorphic to N’ = im fi, that N’ is a normal subgroup of G and
that G/N’ ~ Q in case of a short exact sequence.

Exercise 5.25. Calculate all orbits and stabilizers for the action of D4 on itself by
conjugation.

Exercise 5.26 (Commutator subgroup). The commutator of two elements a,b € G is
[a,b] = aba'b~"'. The commutator subgroup of G is the subgroup [G, G] generated by
the commutators [a, b] of all pairs of elements a and b of G.
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(1) Show that [a,b] = e if and only if ab = ba. Conclude that [G, G] = {e} if and only
if G is commutative.

(2) Show that c[a,blc™! = [cac™!,cbc™!] and conclude that [G,G] is a normal sub-
group of G.

(3) Show that the quotient group G* = G/[G, G] is commutative.

(4) Show that G together with the projection 7 : G — G satisfies the following
universal property: for every group homomorphism f : G — H into a commutative
group H, there exists a unique group homomorphism f2° : G — H such that

f=rPom

Gab -

Exercise 5.27. Determine all p-Sylow subgroups of Sy for p € {2,3}.

Exercise 5.28. Let ord(G) = 6 and n,, the number of p-Sylow subgroups of G. Find all
possibilities for n; and n3, using the Sylow theorems. Find examples of groups with 6
elements that realize these possibilities.

Exercise 5.29. Let ord(G) = pgq for prime numbers p and ¢g. Show that G is not simple.
Hint: If p = g, then use the class equation. If p # ¢, then use the Sylow theorems.






Chapter 6

Outlook to algebraic geometry

In this chapter, we introduce some concepts from algebraic geometry and use them to
study curves in the affine plane. We will discuss some central theorems like Hilbert’s
Basissatz, Hilbert’s Nullstellensatz, Nakayama’s lemma and Krull’s principal ideal
theorem. Even though the proofs of these theorems are fairly elementary and accessible
within the framework of this course, we omit them for the purpose of a compact
presentation of this chapter.

6.1 Hilbert’s Basissatz

Definition 6.1.1. A ring A is Noetherian if every ideal of A is finitely generated.

Theorem 6.1.2 (Hilbert’s Basissatz). Let A be a Noetherian ring. Then A[T| is Noethe-
rian.

We do not prove this theorem in these notes.

Corollary 6.1.3. Let K be a field, n a positive integer and I an ideal in K[Ty,. .., T,).
Then K[Ty,...,T,|/I is Noetherian.

Proof. By Hilbert’s Basissatz (Theorem 6.1.2), K[Ty,...,T,| = (--- (K[T1])[T2] - - - ) [T]
is Noetherian. Let J be an ideal of K[T1,...,T,]/l and 7w : K[T},...,T,| = K[T},...,T,) /1
the quotient map. Since K[Ty,...,T,] is Noetherian, J' = 7~ (J) is finitely generated,
ie.J = (f1,...,f,;) for some fi,...,f, € K[T1,...,T,]. ThenJ = (x(f1),...,7(f+)) is
also finitely generated, which concludes the proof. ]

Another useful fact is the following.

Lemma 6.1.4. Let A be a Noetherian ring and S a multiplicative set in A. Then S™'A is
Noetherian.

Proof. Let::A — S™'A be the canonical map and consider an ideal I of S~'A. Since
A is Noetherian, ~!(I) is generated by finitely many elements ay,...,a, € A. Then
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bi=(a;) €l firi=1,...,r. Consider an element 2 b € 1. Then ¢ = s €land 2 =(a)

for some a € 1~ 1(I). Thus a =Y c;a; for some cy,...,c, € A and

b 1 1 & e

s = 5@ = g hada) = Y
which shows that I is generated by b1, ..., b,. This concludes our proof that every ideal
of S~!A is finitely generated. O

6.2 Affine varieties

For the rest of this chapter, we fix an algebraically closed field K and n € N. The
reader might assume safely that K = C, but, in fact, everything is valid for an arbitrary
algebraically closed field.

Definition 6.2.1. The affine n-space over K is the set K".

We recall the multi-index notation for polynomials in several variables from section
1.9. Fore = (ey,...,e,) € N"and a = (ay,...,a,) € K", we write T¢ for the monomial
T ' T in K[T,...,T,] and a¢ for the element a{' ---a$" of K. A polynomial f =
Y c.T¢in K[T\,...,T,| defines a function

f: K' — K,
a > fla)=Yc.a*

which we denote by the same symbol f.

Definition 6.2.2. Let S be a subset of K[T7,...,T,]. The vanishing set of S is the subset
V(S) = {acK"|f(a)=0forall f €S}
of K". We write V(f1,...,fr) for V({f1,---, fr})-

Lemma 6.2.3. The vanishing sets in K" satisfy the following properties:

(1) V(S) ="V(I) for every subset S of K[T,...,T,| and the ideal I generated by S;
(2) V(0) =K"and V(1) = @,
(3) V(Ty —ay,...,T,—a,) ={(ay,...,a,)} forall a € K";

(

(4) V(S) =NgesV(f) for all subsets S of K[Ti,...,T,];
(5) V(f-g) =V(f)UV(g) forall f,g € K[T1,...,T,].

Proof. We begin with (1). Since S C I, we have V(I) C V(S). Conversely, I consists
of elements of the form Y c;f; with ¢; € A and f; € S. For such an element ) c;f; and

a €V(S), we have
(Ycifi)(a) = Zci%? =0
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which shows that @ € V(I). Thus (1).
Part (2) follows since the zero polynomial 0 maps every a € K" to 0 and the constant
polynomial 1 maps a to 1. Part (3) follows since

V(T —ay,....,Ty—ay) = {bGK"|b1—a1:O,...,bn—an:O} = {(al,...7an)}.

Part (4) follows since

V(S) = {a€Kk"|f(a)=0forall feS} = ({acKk"|fla)=0} = V()
fes fes

Part (5) follows since

V(f-g) = {a€K"[(fg)a) = 0}
- {aeK"\f )=0}U{acK"|g(a) =0} = V(f)UV(g). O

Remark. Note that by Hilbert’s Basissatz (Theorem 6.1.2), every ideal I of K[T1,...,T,]
is finitely generated. Thus for every subset S of K|[T1,...,T,], the ideal I = (S) is
finitely generated, i.e. I = (f,..., f,) for some fi,...,f € K[T1,...,T,], and thus

As a consequence, properties (2), (4) and (5) show that the vanishing sets form the
closed subsets of a topology for K”. This topology is called the Zariski topology.

Definition 6.2.4. An affine K-variety is a subset V of K" of the form V = V(I) for
some ideal I of K[T,...,T,]|. A point in K" is an element (ajy,...,a,) of K".

Theorem 6.2.5 (Hilbert’s Nullstellensatz, weak form). Let I be a proper ideal of
K[T\,...,T,]. Then V(I) is not empty.

We do not prove this theorem in these notes.

Corollary 6.2.6. The map

D: K" — {maximal ideals of K[T1,...,T,]}
(ar,...,an) +—> (T —ay,...,T,—ay)

is a bijection.

Proof. Note that (T} —ay,...,T, — a,) is a maximal ideal since K[Ty,...,T,]/{T] —
ai,...,T, —ay) is isomorphic to K, which is a field. Thus ® is well-defined.

We establish the injectivity of ® by contradiction. If @ was not injective, then there
was an (ay,...,a,) € K" and b; # a; such that T, — b; € (T} —ay,...,T, — a,). But then

1= (ai—b) " ((Ti—a;) — (T, - b))
£0

was an element of (T} —ay,...,T, —a,), which is not a case and thus a delivers the
desired contradiction. This shows that ® is injective.
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To show the surjectivity of ®, consider a maximal ideal m of K[T7,...,T,]. By
Hilbert’s Nullstellensatz (Theorem 6.2.5), V(m) is not empty and thus contains a point
a=(ay,...,a,) of K". Since the polynomials f; = T; —a; vanishina foralli = 1,...,n,

the point a is contained in V(mU{f1,..., f}). This implies that m’ = (mU{f1,..., fn})
is a proper ideal that contains m. Since m is maximal, we conclude that m = m’ and thus
fiseoosfn€m. Since (f1,..., fp) is itself a maximal ideal, we see that m = (fi,..., f,) =
®(ay,...,a,) is in the image of ®. Thus P is surjective, which concludes the proof. [

6.3 Regular functions
Definition 6.3.1. Let V be an affine variety in K”. The vanishing ideal of V is the ideal
J(V) = {fe€K[T,....T;]| f(a) =0 forallac V}
of K[Ti,...,T,). The ring of regular functions on V if O(V) =K|T1,...,T,]/I(V).
Remark. The set J(V) is indeed an ideal: for f,g € I(V) and h € K[Tj,...,T,], we have
(f+8)(@) = fl@)+gl@) =0 and  (hf)a) = h(@)f(a) = 0.

Lemma 6.3.2. Let V be an affine variety in K" and f,g € K[T,...,T,|. Then fly = glv
as functions V. — K if and only if [f] = [g| as elements of O(V).

Proof. Define h = f —g. Then f(a) = g(a) for all a € V if and only if h(a) = 0 for all
a€V,ie heI(V). This means exactly that [f] = [g+h] = [g] in O(V). O

Definition 6.3.3. Let A be a ring and / an ideal of A. The radical of / is the subset
VI = {a€A|d €I forsomei>0}
of A. An ideal I of A is a radical ideal if \/7 = I.

Lemma 6.3.4. Let A be a ring and I an ideal of A. Then /1 is the intersection of all
prime ideals of A containing 1.

Proof. Let p be a prime ideal that contains / and consider a € V1, 1i.e.d eI for some
i>0. Then d' € p and thus a € p since p is prime. Thus /7 is contained in the
intersection of all prime ideals p of A with I C p.

Conversely consider an element a € A that is not contained in v/7 and define § =
{a' | i€ N}. Since SN+/I = @, the ideal S~'\/T is a proper ideal of S~'A and thus
contained in a maximal ideal m of S~'A. Thus the prime ideal p = L§1 (m) contains /7
where 15 : A — S~1A is the canonical homomorphism. Since p NS = &, the prime ideal
p does not contain a. This shows that the intersection of all prime ideals p of A with
I C p is contained in v/1, which completes the proof. [

Remark. As an immediate consequence of Lemma 6.3.4, we see that the radical ideal
1s indeed an ideal as the intersection of ideals. Moreover, we conclude that the radical of
an ideal is a radical ideal, and that all prime ideals are radical ideals.
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Theorem 6.3.5 (Hilbert’s Nullstellensatz, strong form). Let I be an ideal of K[T1,...,T,].

Then 3(V(I)) =1 and V(VT) = V(I).

It is not very hard to deduce the strong form of Hilbert’s Nullstellensatz from the
weak form. We will omit this proof however.

Corollary 6.3.6. Let V be an affine variety in K". The map

Dy : 1% —  {maximal ideals of O(V) }
(al,.--,an) — <[Tl_a1]7~-'7[Tn_an]>

is a bijection.

Proof. Let 7 : K[Ty,...,T,) — O(V) be the quotient map and m a maximal ideal of
O(V). Then 7~ !(m) is a maximal ideal of K[Ti,...,T;] since it is the kernel of the
surjection K[T1,...,T,] = O(V)/m whose image is a field. Since 7 is surjective, two
ideals m and m’ of O(V) coincide if 7~!(m) = 7~ (m’). This defines an embedding 7*
of the set of maximal ideals of O(V) into the set of maximal ideals of K[T1,...,T,].

Let n be a maximal ideal of K[T},...,T,]. By Corollary 6.2.6, there is a unique
a=(ay,...,ay) in K" such that n = (T} —ay,...,T, — a,). By the third isomorphism
theorem for rings (Theorem 1.4.3), there is a unique maximal ideal m of O(V) with
n=7"!(m)if and only if J(V) C n. Note thatn = \/n =J(V(n)) = I({a}) by Hilbert’s
Nullstellensatz (Theorem 6.3.5). Thus if a € V, i.e. {a} C V, then J(V) C I({a}) =n
implies that @k (a) is indeed a maximal ideal of O(V). This shows that ®y is well-
defined.

The injectivity of ® implies that @y is injective. The map Py is surjective since if
the inverse image n = 7~ !(m) of a maximal ideal m of O(V) contains J(V), and thus
®~!(n) C V, which shows that @, ! (m) = ®~!(n) NV is not empty. O

Definition 6.3.7. Let V be an affine variety in K" with ring of regular functions O(V).
Let a € V and m = ®y(a). The stalk of O(V) in a is Oy, = O(V)n,. We denote the
unique maximal ideal mOy, of Oy, by m,.

6.4 Plane curves

From this section on, we will concentrate our study to plane curves. For simplifying our
notation, weuse X =Tj and Y = T>.

Definition 6.4.1. A plane curve is the vanishing set C = V(f) of a polynomial f €
K[X,Y]in K2. A plane curve C is irreducible if C = V(f) for an irreducible polynomial
fEK[X,Y].

Remark. Since V(fg) =V(f)UV(g), every plane curve is a finite union of irreducible
plane curves.

Note that, in particular, V(f2) = V(f) UV(f) = V(f). This shows that f does not
need to be irreducible for V(f) to be irreducible.
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Lemma 6.4.2. Let C be a plane curve. If C is irreducible, then O(V) is an integral
domain.

Proof. Let C = V(f) for an irreducible f € K[X,Y]. Then (f) is a prime ideal and thus
I(C) =/ (f) = (f). This shows that O(V) = K[X,Y]/I(C) is an integral domain. [

Example 6.4.3. We illustrate some example of complex plane curves C = V(f), i.e.
for the case K = C and f € C[X,Y]. The illustrations capture the respective real parts
CNR? of the complex curves C C C? where we denote the coordinates of R? by x and y.

(@ v (b) y (c) y
X X X
V(Y — X2 +2X) V(4XY —1) V(X% -Y?)
d v (e) X ® X

V(Y? —Xx3) V(Y2 -X3+X) V(Y2 -Xx3-X?)

6.5 Singular points

Definition 6.5.1. Let f = Y a; ;X'Y/ € K[X,Y]. The formal partial derivatives of f
are the polynomials

8f:

X Y (i+Dai Xy and == = Y (j+1)a; 1 XY/

ijeN ijeN
The Jacobian matrix of f is the matrix J; = (g—}f;, g—{;), which defines a function
Jro K* — K?

a — (%@.%@)

Definition 6.5.2. Let f = Y a; ;X'Y/ € K[X,Y] be an irreducible polynomial and C =
V(f) a plane curve. A point a € C is singular if J;(a) = (0,0). Otherwise, a is
nonsingular.
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Remark. In the complex case K = C, a point a of a plane curve C = V(f) is nonsingular
iff and only if there is an open neighbourhood U of a in C? (in the usual topology of
C?) such that CN U is a complex submanifold of U. Naively speaking, this is the case if
and only if there is only one tangent direction to C at a.

To explain, if J¢(a) # 0, then the tangent line at a = (x,y) is given as

Ta(f) = V(3£ (@)X —x)+ (3 @) (¥ -)).

Note that a rigorous definition of the “number of tangent directions” is somewhat subtle,
since the point (0,0) of the curve C = V(Y? — X?3) is a singular point even though
geometrically, V(Y) seems to be the only tangent line at (0,0); cf. Examples 6.4.3.(d)
and 6.5.7.

Example 6.5.3. Let f =Y ¢; ;X'Y/ be a polynomial in K[X,Y]. The criterion J;(a) =
(0,0) assumes a particularly simple shape for the origin 0 = (0,0) of K. First of all
notice that o € V(f) if and only if f(0) = cop = 0. Thus we can assume that f has a
trivial constant coefficient.

Since g— = Y(i+1)cit1; XY/ and % = Y.(j+ 1)ci j+1X'Y/, we have Jr(0) =
(c1,0,¢0,1). Thus o is a singular point of V(f) if and only if co 9 = c1,0 = co,1 = 0.

The origin o is a point of the plane complex curve C = V(f) in the cases (a), (e) and
(f) of Example 6.4.3. We inspect in each case whether o is a singular point.

The curve in (a) is defined by f =Y — X2 +2X, and thus Jr=(-2X+2,1). Since
Jr(0) = (2,1) is nonzero, o is a nonsingular point of C.

The curve in (e) is defined by f = Y2 — X3 + X, and thus Jr= (=3X2+1,2r2).

Since J¢(0) = (1,0) is nonzero, o is a nonsingular point of C.

The curve in (f) is defined by f = Y% — X3 — X2, and thus J; = (—3X? — 2X,2Y?).

Since J¢(0) = (0,0) is zero, o is a singular point of C.

We illustrate the three curves, including the tangent lines T, (f) in the first two cases.

In the third case, there are two “tangent directions” as indicated in the illustration.

(@) \\ Y (e) x (f) x
) x 4@ 0 y £ y
To(Y — X% +2X) To(Y2 = X3 +X)

Definition 6.5.4. Let C = V(f) be a plane curve and a € C. Let Oy, be the stalk at a

and m, its maximal ideal. The residue field of C at a is the quotient k(a) = Oy 4/m,.

The cotangent space of C at a is the quotient 7" (C) = m, /m2.

Lemma 6.5.5. Let C = V(f) be a plane curve and a € C. Let k(a) the residue field and
T (C) the cotangent space of C at a. Then the canonical map v: K — Oy , — k(a) is an
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isomorphism and m,/m? is a k(a)-vector space with respect to the action [b).[c] = [bc]
forb e A and c € m,.

Proof. Letm = ®(a) = (X —x,Y —y) be the maximal ideal associated with a = (x,y),
cf. Corollary 6.2.6. Then

k(a) = Oca/ma = (K[X,Y]/(f)),, /(X =2, [¥ =])
~ K[X,Y]/(X—x,Y —y) ~ K

as K-algebras, which shows that the canonical morphism K — k(a) is an isomorphism.
This establishes the first claim.

Since for every ¢ € m,, the kernel of the Oc ,4-linear map m, : Oc , — m,/ mﬁ that
sends b € Oc 4 to [bc] is kerm, = m, we obtain a well-defined map k(a) x (m,/m2) —
m,/m2. The axioms of a k(a)-action follows at once from the corresponding properties
of the O¢ 4-action on m, which establishes the second claim. O

Theorem 6.5.6. Let C ="V(f) be a plane curve, a € C and T, (C) the cotangent space
of C at a. If a is singular, then dimg (Ta*(C)) = 2 and if a is nonsingular, then
dimg (T;7(C)) = L.

Proof. Let a = (x,y). The map (X,Y) — (X —x,Y —y) defines an automorphism
K[X,Y] — K[X,Y] that induces a variable transformation K> — K? that sends a point
a = (x',y) to (X —x,y —y). In particular, it sends a to the origin 0 = (0,0). Thus we
can assume without loss of generality that a = 0. Since (0,0) € C = V(f), the constant
term co o of f = Zc,-’jX"Yj 1S zero.
Let m = (X,Y) be the maximal ideal of K[X, Y] that corresponds to 0. Consider the
map
0: m/m> — K2,
g]  — J0)

which is well-defined since every g € m? = (X2 XY,Y?) is without linear terms and
thus J,(0) = (g—j‘;, 3—§) (0,0) = (0,0). Conversely, J,(0) = (0,0) implies that g € m has
neither a constant term nor linear terms and is thus in m2. This shows that @ is injective.

Given (c,d) € K2, the polynomial g = cX +dY has Jacobian matrix J, = (c,d) and
thus 6([g]) = J;(0) = (c,d). Thus 6 is surjective. This shows that 6 : m/m? — K? is an
isomorphism of K-vector spaces where we use the identification of K with k(o) from
Lemma 6.5.5.

Letm:K[X,Y] = K[X,Y]/(f) = O(C) be the quotient map and ¢ : O(C) — Oc,, the
canonical map to the localization. Let ™ = m(m), which is a maximal ideal of O(C),
and m, = (¢(m)), which is the unique maximal ideal of O¢ ,. The composition of the

restrictions of 7 to m and ¢ to m yields a K-linear map
s — L
X:m — m — m,,
which induces the map

X: m/(<f>+m2) — m”/mtz)'
[&] — g
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Note that ¥ is well-defined since the image ¢((g)) of an element g € (f) +m? is in

t(7({f) +m?)) = ¢(@?) C m2. The map ¥ is injective since ¥([g]) = 0 implies that g €

x ' (m2) = 77! (m?) = (f) +m>. The map Y is surjective since every [g] € m,/m2 can

be represented by a linear polynomial g’ = cX +dY and thus [g] = [¢'] = x ([cX + dY]).

This shows that y : m/({f) +m?) — T;(C) is an isomorphism of K-vector spaces.

The image of the K-linear subspace ((f) +m?)/m? of m/m? under 6 is the K-linear
subspace (J¢(0)) of K2, and its dimension is equal to the rank of J¢(0). Thus

dimy (T, (C)) + 1k (Jy(0)) = dimg (m/(()+m?)) +dimg (((f) +m?) /m?)

= d1mK (m/mz) = Clil’l’l]([(2 = 2.

If o is singular, then the rank of J/(0) is 0 and thus dimg (7} (C)) =2. If 0 is nonsingular,

then the rank of J;(0) is 1 and thus dimg (7,7 (C)) = 1. This concludes the proof of the
theorem. [

Remark. Let C = V(f) be a plane curve. The relation between the cotangent space
T(C) and the tangent line T,(f) at a nonsingular point a € C is as follows. We leave
the verification of the details in the following explanations as an exercise.

For an arbitrary point a = (x,y) € C, the tangent space at a is defined as the dual
K-vector space T,(C) = Homg (T} (C),K) of the cotangent space. We have a canonical
inclusion

E T.(C) — K?
a:THC) =K — (a([X]),a([Y]))

of K-vector spaces. Since the dimension of a finitely dimensional K-vector space is
equal to the dimension of the dual space, Theorem 6.5.6 shows that v is surjective if a is
singular. If a is nonsingular, then dimg (7,(C)) = 1, and the tangent line T,(f) of C at
a equals the translation of the image of ) by the vector a = (x,y), i.e.

Ta(f) = {a+v(a)|aeT,(C)}.

Example 6.5.7. To conclude, we inspect the tangent space of the curve C = V(f)
with f = ¥? — X3 at the origin 0 = (0,0); cf. Example 6.4.3.(d). The Jacobian is
Jr = (2Y,3X?), and thus J¢(0) = (0,0), which shows that o is a singular point of
C. Thus by Theorem 6.5.6, the cotangent space T, (C) and its dual 7,(C) have both
dimension 2 and the image of 1 is all of K2. This shows that the tangent space T, (C), as
defined here, is well-suited to detect singularities, in contrast to the geometric intuition
that suggests that the only tangent direction is captured by the line V(Y), as illustrated
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below.

V(Y?-X3)

6.6 The stalks of nonsingular points

In this section, we will show that the nonsingular points of a plane curve are characterized
by the property that their stalks are discrete valuation rings, which are particularly well-
behaved rings whose definition is as follows.

Definition 6.6.1. A discrete valuation ring (often just DVR) is a principal ideal domain
with a unique prime element p, up to associatives. The prime element p is called a
uniformizer.

Lemma 6.6.2. Let A be a discrete valuation ring and p € A a uniformizer. Then the
following holds.
(1) For every nonzero a € A, there are a unique u € A* and i € N such that a = up'.
(2) The ring A is local with maximal ideal m = (p).
(3) Every nonzero ideal I of A is of the form w' = (p') for some i € N.

(4) The intersection of all nonzero ideals is (;eym' = {0}.
Proof. This is Exercise 1.45. [

For the proof of Theorem 6.6.7, we will apply Nakayama’s lemma and Krull’s
principal ideal theorem, which we state here without a proof.

Theorem 6.6.3 (Nakayama’s lemma). Let A be a ring, I an ideal of A and M a finitely
generated A-module. If IM = M, then there is an a € A such that aM = 0 and [a] = [1]
inA/l

Corollary 6.6.4. Let A be a local ring with maximal ideal m and M an A-module. If
mM =M, then M = 0.

Proof. By Nakayama’s lemma (Theorem 6.6.3), mM = M implies that there is ana € A
such that aM = 0 and [a] = [1] in A/m. Thus a ¢ m, which implies by Lemma 1.8.8 that
ais aunit. Thus M = a~'(aM) = 0, as claimed. O



6.6. The stalks of nonsingular points

157

Definition 6.6.5. Let A be aring and / an ideal of A. The height of / is the supremum
over the lengths / of properly increasing chains

Po S p1 & ..o &P
of prime ideals po, ..., p; contained in /.

Theorem 6.6.6 (Krull’s principal ideal theorem). Let A be a Noetherian ring and a € A.
Let p be a minimal prime ideal of A that contains a, i.e. if a € q C p for a prime ideal q,
then q = p. Then the height of y is at most 1.

Theorem 6.6.7. Let C be a plane curve, a € C and Oc , its stalk. Then a is nonsingular
if and only if Oc , is a discrete valuation ring.

Proof. Letus assume that Oc 4 is a discrete valuation ring. Let m, = (p) be the maximal
ideal of O¢ , where p is a uniformizer. Consider the map

& K — my/m2
[b] —  [bp]

which is well-defined since if [b’] = [b] in K, i.e. b’ = b+ cp for some ¢ € A, then
['p] = [bp+cp*] = [bp] in my/m?. That ¢ is K-linear follows at once from the fact
that it is derived from the A-linear map A — m,, that sends b to bp.

The K-linear map £ is injective since & ([b]) = 0 implies that p divides b and thus
[b] = [0] in K. Tt is surjective since by Lemma 6.6.2, every ¢ € m, is of the form bp
for some b € A and thus [c] = £(b) where b’ is the inverse image of [b] € k(a) under
the isomorphism K — k(a) from Lemma 6.5.5. This shows that ¢ is an isomorphism
of K-vector spaces. Thus dimg (ma / mg) = 1, which shows that a is nonsingular by
Theorem 6.5.6.

Conversely, assume that a is nonsingular. By Theorem 6.5.6, m,/m2 is a one-
dimensional K-vector space and thus generated by a single element [p] where p € m,,
i.e. m, = (p) +m2. Then

mg- (mg/(p)) = (mz+(p))/(p) = ma/(p).

Thus Corollary 6.6.4 implies that m,/(p) = 0, which shows that m, = (p) is generated
by p.

Our next step is to show that Oc, is an integral domain. This follows at once
from Lemma 6.4.2 if C is irreducible. If not, let C = V(f; --- f,) where f1,..., f, are
irreducible polynomials in K[X,Y]. Let a = (x,y) and m = (X —x,Y —y) the maximal
ideal of K[X,Y] defined by a. Since a € C, we have (f) C m and thus p; = (f;) C m for
some i. Since f; is irreducible, p; is a prime ideal of K[X,Y]. To summarize, we have
inclusions (f) C p; C m.

By Krull’s principal ideal theorem (Theorem 6.6.6), the height of the principal ideal
p; = (fi) is at most 1. Since the chain of proper inclusions (0) C (X —x) C m of prime
ideals shows that the height of m is at least 2, we conclude that p; is properly contained in
m. Let 7 : K[X,Y] — O(C) be the quotient map. By the third isomorphism theorem for
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rings (Theorem 1.4.3), the ideal p; = 7(p;) of O(C) is properly contained in m = 7(m)
and

0C)/pi = (KIX.Y]/(f))/(pi/ ) — KIX,Y]/pi

is an integral domain, which shows that p; is a prime ideal of O(C). Let ¢ : O(C) = O¢c 4
be the canonical map into the localization. By Exercise 1.36, the ideal p; , = (¢(p;))
is prime and properly contained in the maximal ideal m, = (¢(W)) of O¢c,. Since p
generates my, it is not contained in p;,. Thus bp € p;, implies that b € p; ,, which
means that (p) - p; o = piq. Since m, = (p) is maximal, Corollary 6.6.4 implies that
p; = 0. This shows that (0) is a prime ideal of Oc,q and that Oc , is an integral domain,
as claimed.

By Corollary 6.1.3, O(C) is Noetherian, and by Lemma 6.1.4, O¢ , is Noetherian.
Since m, is the minimal prime ideal that contains p, Krull’s principal ideal theorem
(Theorem 6.6.6) implies that m, has height at most 1. This shows that the only prime
ideals of O¢ 4, are (0) and m,,.

Our next step is to show that Oc, is a principal ideal domain. Let / be a nontrivial
and proper ideal of Oc ,. By Lemma 6.3.4, its radical /1 is the intersection of all prime
ideals containing I, i.e. v/I = m,. Thus p’ € I for some i > 1 and m’ = (pi) C I. If
I = (p'), then I is principal.

If m' is properly contained in 7, then there is an j > 1 such that / C m/ and I ¢ m/*!,
Thus there is a g = up’/ € I —m/*! for some u € O¢ - This implies that pl=ulgelcC
m/, which shows that / = (p/) is principal. This shows that O¢ , is a principal domain,
as claimed.

We are left with showing that Oc , has only one prime element up to associatives.
Given two prime elements g and & of Oc ,, they both generate a nonzero prime ideal.
Since m,, is the only nonzero prime ideal of Oc 4, we have (g) = m, = (h), which shows
that g ~ h. This completes the proof of the theorem. ]



Chapter 7

What is a universal property?

In the previous chapters, we have encountered numerous examples of universal prop-
erties. Roughly speaking, a universal property applies in situations where we have a
morphism from (or to) an object A to (or from) a second object A’, which is related to A
by some type of construction. The universal property expresses that the morphisms with
certain properties from (or to) A correspond bijectively to the morphisms from (or to) A’.

In this chapter, we will make the concept of a universal property precise in a

categorical framework and explain in which sense universal properties are intimately
linked to adjoint functors.

7.1 Initial and terminal morphisms to a functor

Throughout the whole chapter, let € and D be categories.

Definition 7.1.1. Let 5 : € — D be a covariant functor and A an object in D. An initial
morphism from A to J is an object A in € together with a morphism 77, : A — F(A) that
satisfies the following universal property: for every object B in € and every morphism
o : A — F(B), there is a unique morphism & : A — B such that v = F(4&) oy, i.e. the
diagram

A < : F(B)
V/Al O //’//
L)
F(A)

commutes.

A terminal morphism from F to A is an object A in C together with a morphism
es : F(A) — A that satisfies the following universal property: for every object B in C
and every morphism « : F(B) — A, there is a unique morphism & : B — A such that
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a=¢eg0F(A), i.e. the diagram

commutes.

Example 7.1.2. For some universal properties from these lecture notes, it is easy to see
what the corresponding functor & : € — D is. In other cases, this is less obvious. We
consider some examples in the following, and encourage the reader to think about some
other universal properties.

)

2)

Let F : Rings — Sets be the forgetful functor, cf. Example 2.5.2, and let A be
a set. Then an initial morphism from A to F is a ring A together with a map
m:A—F (A) that satisfies the following universal property: for every ring B and
every map « : A — F(B), there is a unique ring homomorphism & : A — B such
that o = F(&) oy, i.e. the diagram

A a : F(B)
UAl O //’//
R F(a)
F(A)

commutes. This universal property is satisfied by the polynomial algebra A =
Z|T; | i € A] together with the map ns : A — Z[T; | i € A] with n4(i) = T,.

Let D be the category whose objects are pairs (A, S) of a ring A together with a
multiplicative subset S of A and whose morphisms « : (A,S) — (A’,S’) are ring
homomorphisms a : A — A’ with «(S) C §'. Let F : Rings — D be the functor
that sends a ring A to (A,A*) and a ring homomorphism /3 : A — B to itself. Note
that 5(A*) C B*, which shows that F is well-defined.

Let (A,S) be an object in D. An initial morphism from (A,S) to J is a ring A
together with a morphism 74 5) : (A,S) — (A,A™) that satisfies the following
universal property: for every ring B and every morphism « : (A,S) — (B,B*)
there is a unique ring homomorphism & : A — B such that the diagram

(A,S) = > (B,B*)
oy
s O

(A,4%)

commutes. This universal property is satisfied by the localization A = S~'A
together with the canonical morphism 74 = 5 : A — S™'A, which maps S to
(S~1A)*.
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(3) The product C x D of two categories C and D is defined as follows: its objects
are pairs (A,B) of an object A in € and an object B in D and its morphisms
(a,8) : (A,B) — (A", B') are pairs of a morphism o : A — A’ in € and a morphism
B :B— B'in D. The composition of two morphisms («, 3) : (A,B) — (A’,B’) and
(o/,8"): (A',B") — (A”,B") is defined as (o, 3') o (o, ) = (¢ o, 3" 0 3). The
diagonal functor A : C — C x C sends an object A of C to (A,A) and a morphism
a:A—A'inCto (o,a): (A,A) — (A" A).

Let us consider the diagonal functor A : Rings — Rings x Rings and an object
(A,B) of Rings x Rings. A terminal morphism from A to (A,B) is a ring C =
(A,B)" together with a morphism €4 p) : (C,C) — (A,B) in Rings x Rings that
satisfies the following universal property: for every ring and every morphism
«a: (D,D) — (A,B) in Rings x Rings, there is a unique ring homomorphism
& : D — C such that the diagram

_x (€.C)

(a’cf)/”’/ lE(A,B)

> (A,B)

<D7D) [6%
commutes. This universal property is satisfied by the product C = A x B of the
rings A and B together with the morphism €4 gy = (74, 78) : (A X B,A X B) —
(A,B).

7.2 Natural transformations

Definition 7.2.1. Let F: C — D and G : € — D be covariant functors. A natural
transformation (or morphism of functors) n : ¥ — G from J to G is a collection 7 of
morphisms 74 : F(A) — G(A) in D where A varies through all objects of € such that the
diagram

F(A) > F(B)
UAl B
5(4) ——5— 9(8)

commutes for every morphism o : A — B in C.

7.3 The unit and the counit of an adjunction

We recall the definition of adjoint functors from section 2.6. Let F: € — D and
G :D — T be covariant functors. Then § is left adjoint to F, written G - JF, if for every
pair of objects A in D and B in C, there is a bijection

@, 5: Home(SG(A),B) — Homyp (A,F(B))
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such that the diagram

Dy p

Home (G(A’),B) ———— Homy (A',F(B))
fo—cg(e) | |5()0—ca
Home (5(A),B') L Homy, (A, F(B'))

commutes for every pair of a morphism o : A — A’ in D and a morphism 3 : B — B’ in
G, 1.e.
D,y p(BovoG(a)) = F(B)oPyp(y)oa

for all morphisms v : G(A’) — B in C.

Remark. Note that the definition of adjoint functors in section 2.6 was phrased in terms
of the inverse bijection W4 p of ®4 g, with the roles of I and § interchanged. For the
upcoming explanations, the present convention seems more practical though.

Definition 7.3.1. Let §: D — € be a left adjoint functor to F : € — D with adjunction

Home (S(A), B) % Homy, (A, F(B))

for A € Ob(D) and B € Ob(C). The unit of the adjunction is the collection 7 of
morphisms

na =@y g(a)(idga)) : A — F(S(A))

where A varies through all objects of € and where idg(4) € Home (G(A),5(A)) is the
identity of G(A).
The counit of the adjunction is the collection € of morphisms

€B:\P3”(B),B(id3”(3)>: 9(?(3)) — B

where B varies through all objects of D and where idg() € Homp (F(B),F(B)) is the
identity of F(B).

In the following, we need to consider compositions of functors, which are defined as
follows.

Definition 7.3.2. Let F: € — D and G : D — D’ be covariant functors. The composition
of F with § is the functor GoF : € — D’ that sends an object A in € to the object §(F(A))
in D’ and a morphism o : A — B in € to the morphism §(F(a)) : §(F(4)) — §(F(B))
in D',

Lemma 7.3.3. Let G 1T be adjoint functors. Then the unit is a natural transformation
n:idp — F oG and the counit is a natural transformation € : Go F — ide.
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Proof. We want to show that the diagrams

A LY 5o5(B) =2, go5(B)
nAl l’iA’ and eBl lﬁg'
FoG(A) Yy Fog(a) M [N

commute for all morphisms a: A — A’ in D and 3: B — B’ in C. Let

Home (S(A),B) % Homy, (A, F(B))

be the adjunction between F and G. Using the definition of the adjunction and of the
unit yields
(370 9(04)) ong = 3'“(9(04)) oCI>A79(A)(id9(A)) oidy
= CI)A,S(A’) (9(0&) Oidg(A) Oidg(A))
= CI)A,S(A’) (ldS(A/) e} ldS(A/) e} 9(0&))
= idﬁ»‘oS(A’) o q)A’,S(A’) (ldS(A’)) ow
= Ta o,

which shows that the first diagram commutes. The proof of the commutativity of the
second diagram is similar. O]

Proposition 7.3.4. Let G 1 F be an adjunction with unit n : idp — F o G and counit
€:G0F —ide. Then the diagrams

—>909‘“09 —>3'“090ff

m l and m} l&”

commute for every object A in ‘D and every object B in C.

Proof. Let
@,
Home (S(A), B) % Homy, (A, F(B))
A,B

be the adjunction between J and G. By the definitions of € and 7, we have d)%g( 4),5(4) (59 ( A)) =
idfr"cS(A) and 74 = Py 5(a) (idg(A)), and thus

D4 504y (S(m4) 0 €g(a) 01dg(a)) = M4 0 Proga).g(a) (€g(a)) ©1dFog(a)
= @y g(a)(idg(a))-



164

What is a universal property?

Since P4 g(4) is injective, G(na) o €g(4) = idg(4), Which shows that the first diagram
commutes.

By the definitions of 7 and ¢, we have Wy () go5() (15(8)) = idgog(p) and ep =
\PB,H”(B) (idg(B)), and thus

W g) 5 (1dg(p) 0Ny (p) 0 Fep)) = idgog(p) © Yr(p).g05(8) (15()) © €B
= Wo(p)5(ids(s)).

Since Wg(p) p s injective, ng(p) 0 F (e) = idg(p), which shows that the second diagram
commutes. [

7.4 The relation between universal properties and
adjoint functors

Theorem 7.4.1. Let F : C — D be a functor. Then the following claims are equivalent.

(1) Every object A in D has an initial morphism to 7.
(2) The functor F has a left adjoint G : D — C.

Proof. Assume (1). We construct the functor G : D — C as follows. For every object A
in D, we define G(A) = A where A € Ob(C) together with 14 : A — F(A) is the initial
morphism from A to F. By the universal property of the initial morphism 74 applied to
na oo : A — F(A), there is a unique morphism & : A — A’ such that 74 0 ov = F(&) oy,
i.e. the diagram

A = A
nAl W lnA/
A F(&) A
F(A) -----2 ] > F(A")

commutes. We define §(a) = &. We leave it as an exercise to verify that this defines
indeed a functor G : D — C. The commutaivity of the above diagrams shows that the
morphisms 74 : A — F o G(A) define a natural transformation 7 : idpy — Fo G.

For A € Ob(D) and B € Ob(C), we define the map

@, 5: Home(5(A),B) — Homyp (A,F(B)).
B — F(B)ona

Given a morphism « : A — J(B) in the image of ®4 p, there is a unique morphism
& : A — B such that @ = F(&) oy = @4 p(&) by the universal property of the initial
morphism 74 : A — F(A) from A to J. This shows that ®, p is a bijection.

In order to show that G is a left adjoint to &, we have to show that the diagram

Home (S(A"),B) _ s Homy (A',F(B))
po—s5(a) | |5(8)0—ca
Dy

Home (5(A),B’) ———— Homy (A,F(B'))
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commutes for every pair of morphisms av: A — A’ in D and 8 : B — B’ in €. This
follows from the identity

Dy p(BoyoG(a)) = F(BoyoS(a))omna
(Fo

= F(B)oTF (7)o G()) oma
= F(B)oTF(y)omaoa
= F(B)o@y p(v) o

for every morphism ~ : G(A’) — B in € where we use that 7 : idp — Fo G is a natural
transformation to conclude that (ff o 9(04)) ona = N4 o . This completes the proof the
G is left adjoint to J and thus (2).

Assume (2). Let G : D — € be a left adjoint to F. Let n : idp — F o G be the unit
and € : §oJF — ide be the counit of the adjunction. Consider an object A in ‘D. We will
verify the universal property of an initial morphism from A to F for A = G (A) and the
morphism 74 : A — F(A).

Let B be an object of C and o : A — F(B) a morphism in D. We define & = ego G(«v),

and consider the diagram

A—" 5 FoG(A)

al ?og(oz)l (@)

whose square on the left hand side commutes by Lemma 7.3.3 and whose triangle on
the right hand side commutes by the definition of &. By Proposition 7.3.4, we have
F(eg) ong(p) = idg(p) and thus a = F(ep) 0 ng(p) 0 @ = F(&) 014, which shows that &
satisfies the condition of the universal property of an initial morphism.

To show the uniqueness of &, let 5 : G(A) — B be a morphism such that o« = F(3) o7.

Consider the diagram

G(A) —2M)_ goFoga) — W,

5(A
o [0 lﬂ

GoF(B) ——— B

whose triangle on the left hand side commutes by our assumption on /5 and whose
square on the right hand side commutes by Lemma 7.3.3. By Proposition 7.3.4, we have
€g(a) © 9(na) = idg(a), which implies that 3 = Soega) 0 G(na) = epo G(a) = &. This
shows that & is unique and that 74 : A — F(A ) 1s 1ndeed an initial morphism from A to
J. Thus (1), which completes the proof of the theorem. ]

Similarly, one can establish the following variant of Theorem 7.4.1, whose proof we
omit.
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Theorem 7.4.2. Let F : C — D be a functor. Then the following claims are equivalent.

(1)
(2)

Every object A in D has a terminal morphism from F.
The functor F has a right adjoint G : D — C.

Example 7.4.3. We illustrate Theorems 7.4.1 and 7.4.2 in the cases of the functors
F : € — D considered in Example 7.1.2.

(1

2)

3)

Let ¥ : Rings — Sets be the forgetful functor. As shown in Example 7.1.2.(1),
every set A has an initial morphism to &, namely the polynomial ring ZI[T; | i € A]
together with the map 74 : A — Z[T; | i € A]. Thus Theorem 7.4.1 shows that the
functor J has a left adjoint G : Sets — Rings, which sends a set A to the ring
9(A) =ZIT; | i € A] and amap « : A — B to the ring homomorphism G(«) : ZI[T; |
i € A] — Z[T; | i € B| that maps T; to Ty,(;).

Let D be the category whose objects are pairs (A, S) of a ring A with a multiplica-
tive subset S of A and whose morphisms « : (4,S) — (A’S’) are ring homomor-
phisms a: A — A’ with o(S) C §'; cf. Example 7.1.2.(2). Let F : Rings — D be
the functor that sends a ring A to (A,A”) and a ring homomorphism to itself.

By Theorem 7.4.1, J has a left adjoint G, which sends an element (A,S) of D
to the ring S~'A and that sends a morphism « : (A4,S) — (A’,5") in D to the ring

homomorphism o : S7'A — (§)'A’ that maps ¢ to Z%?))

Let A : Rings — Rings x Rings be the diagonal functor; cf. Example 7.1.2.(3).
Since there is a terminal morphism from A to every object (A, B) of Rings x Rings,
Theorem 7.4.2 shows that A has a right adjoint IT : Rings x Rings — Rings,
which sends an object (A, B) in Rings x Rings to the ring II(A,B) = A X B and a
morphism (a, 3) : (A,B) — (A’,B) to the ring homomorphism (v, 3) : A x B —
A’ x B



Appendix A

Background and complementary
topics

A.1 Zorn’s Lemma

Zorn’s Lemma is reformulation of the axiom of choice. In this lecture, we assume the
validity of the axiom of choice, and we will use it in the form of Zorn’s Lemma at a few
instances. In the following, we introduce the necessary notions and formulate Zorn’s
Lemma.

Definition A.1.1. Let S be a set. A partial order on S is a relation <, which a subset R
of § x S where we write a < b if (a,b) € R, that satisfies that

(1) a<a; (reflexive)

(2) a < band b < aimplies a = b; (anti-symmetric)

(3) a<band b < cimpliesa < ¢ (transitive)
for all a,b,c € S. A total order on S is a partial order such that

4) a<borb<a (total)

for all a,b € A. A partially ordered set is a set S together with a partial order R. A
chain in S is a totally ordered subset C of S, with respect to the restriction RN (C x C)
of R to C. An upper bound of C in S is an element b € S such that a < b for all a € C.
A maximal element of S is an element a € § such that a < b implies a = b for all b € §.

Theorem A.1.2 (Zorn’s Lemma). Let S be a partially ordered set. If every chain in S
has an upper bound, then S has a maximal element.

The typical situation where we apply Zorn’s Lemma is that of a collection S of

subsets of a set X, together with the partial order that is defined by inclusion, i.e. A < B
for A,B € S if and only if A C B as subsets of X.

167
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A.2 Topological spaces

Some exercises use the notion of topological spaces. We provide the necessary defini-
tions in this section.

Definition A.2.1. Let X be a set. A topology for X is a collection J subsets of X that
satisfies the following axioms.

(1) Both @ and X are in J.
(2) Finite intersections of subsets in J are in J.

(3) Arbitrary unions of subsets in J are in 7.

A topological space is a set X together with a topology 7T, which we usual suppress
from the notation. An open subset of X is an element of T, and a closed subset of X is
the complement of an open subset. A basis for the X is a subset B of T such that every
open subset is the union of open subsets in B.

Let X and Y be topological spaces. A continuous map from X to Y is a map
f:X — Y such that f~! (U) is an open subset of X for every open subset U of Y.

Example A.2.2. A typical example is R together with the usual notion of open subsets,
for which the collection of bounded open intervals (a,b) = {c €| a < ¢ < b} (with
a,b € R) forms a basis. A map f : R — R is continuous in the sense of Definition A.2.1
if and only if for every € > O there is a 0 > 0 such that |f(a) — f(b)| < 6 forall a,b € R
with |a — b| < e. The latter characterization is the approach to continuous functions that
one typically sees as a first definition in a course in Analysis. We leave the proof of
these claims as an exercise.
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