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Chapter 1
Rings

In linear algebra we work with vector spaces over fields. In commutative algebra fields are replaced by commut-
ative rings with identity, and vector spaces by modules. The internal structure of a ring is more complicated
than that of a field, and will plays a more important role than that of the field in linear algebra. Instead of
looking at individual elements of the ring, we will often look at ideals, which were introduced as a generalization
of the concept of number!.

1.1 The basics

Definition 1.1. A ring is a triple (R, +, -) where R is a set, 4+ and - are two internal operations, called addition
respectively multiplication, such that

(R1) (R,+) is an Abelian group.

(R2) Multiplication is associative:
(a-b)-c=a-(b-c), Ya,b,ceR.

(R3) Multiplication is (left and right) distributive over addition, that is V a,b,c € R we have
a-(b+c) = a-b+ta-c
(a+b)-¢c = a-c+b-c

A ring is called commutative if the following axiom is satisfied.

(R4) a-b=b-a, Va,beR.

A ring is said to have an identity element if

(R5) 31 € Rsuchthat a-1=1-a=a for all a € R.

Usually rings are always assumed to have an identity. When they do not have an identity they called pseudo-
rings or rngs (the 4 is missing on purpose). One problem which arises when rings have no 1, is: What should
the empty product be equal to? Commutativity is “less common”, and the terminology in this case is clearer: a
ring is commutative on noncommutative/ not commutative.

Remark 1.2. 1. When it exists, the identity element is unique, called “one” and always be denoted by 1.

2. We denote the neutral Element of the Abelian group (R, +) by 0, call it “zero”, or “zero element”.
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3. For every a € R, we denote the additive inverse of a by —a. So a + (—a) = 0.
4. For every a € R we have a-0=0-a = 0.
5. For every a,b € R we have (—a)-b= —(a-b) = a-(=b). Thus also (—a) - (=b) =a-b.

6. We do not exclude the case 1 = 0. It follows from this, that the underlying set of the ring consists of only
one element: R = {0}. We call the unique ring with 1 = 0 the zero ring. We will abuse notation and
write R = 0.

When convenient, we will ignore the “-” sign for multiplication and just write ab for a-b. If there is no ambiguity
about what the operations of (R,+,-) are, we will simply write and say “R is a ring”. Furthermore, for every

a € R we will use the exponential notation as expected:

a® =1

a® = a-a-----a , Vn€N>o-
N——
n—times

In particular we have a” - ™ = a™t™ for all n,m € N.
Examples. 1. Z, the ring of integers.
2. Z/nZ, the ring of residue classes modulo n.
3. Any field, in particular Q, R, C, Z/pZ, F, for p prime and ¢ = p™ for some n € N, are rings.

4. For any field K the polynomial ring K[x1, ..., 2,], and the ring of formal power series K[[z1,...,z,]]. The
field K may be replaced by any commutative ring.

5. For any complex number a € C: Z[a] = {f(a) : f € Z[z]} is the extension of Z by «. This is a subring
of C. Here are some important examples:

e Z[i] the ring of Gaussian integers.
1

o 7

ﬂ

+vV19
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| is a principal ideal domain that is not Euclidean.

. Z[1+;\/§’] the ring of Eisenstein integers.

6. The ring of algebraic integers.
7. For every (R,+) is an Abelian group, we can define the multiplication - : R x R — R as ab = 0, for all

a,b € R. Then (R,+,-) is a ring. It is commutative, but, unless R is the trivial group, it has no identity
element.

8. Let R be aring and X an arbitrary set. On the set Map(X, R) :={f: X — R : f is a set theoretic map}
define point-wise addition and multiplication in the obvious way:

f+g: X — R
a — fla)+g(a)
frg: X — R

a +— f(a)-g(a)

Then (Map(X, R),+,-) is a ring. It is commutative if R is commutative, and has an identity element if R
has one. Note that it will in general not be a field, even if R is a field.

9. If X is is a topological space, then C(X,R) := {f : X — R : f is continuous}, together with the
operations from 8 is a commutative ring with identity.



10.

11.

12.

13.

14.

15.

If X C C is an open subset, then O(X) := {f : X — C : f is holomorphic}, together with the
operations from 8 is a commutative ring with identity.

Let G be an Abelian group, and End(G) := {f : G — G : f is a group homomorphism}. Then End(G)
together with the addition defined as in 8 and with the composition of maps as a multiplication is a ring.
It is in general not commutative. (Recall the ring of endomorphisms of vector spaces).

The set of square n x n matrices with entries in a field (or a commutative ring), together with matrix
addition and multiplication is a ring. It is commutative if and only if n = 1.

Let Rq,..., R, be rings. The Cartesian product Ry X --- X R,, together with component-wise addition
and multiplication is also a ring, called the direct product of the rings Ry,..., R,.

The set 2% of all subsets of a given set X, together with the symmetric difference as addition and
intersection as multiplication is a ring.

For a monoid (S, +) (like a group, but without asking for the existence of inverse elements. E.g. N, N™)
and a field K we define the monoidring K[S] in the following way: (K[S],+) is the K-vector space with
basis indexed by S. It is enough to define the multiplication on the elements of the basis as:

/
€s €y 1 =€sys, V5,8 €ES.

From now on all rings in this course are commutative, with 1.

Definition 1.3. Let R be a ring. A subset S C R is a subring of R if the following two conditions hold.

(SR1) (S,+) is a subgroup of (R,+): a—be€ S, Va,be S.

(SR2) S is closed under multiplication: ab € S, V a,b € S.

(SR3) 1€ 5.

1.1.1 Ring homomorphisms

As expected, a ring homomorphism is a map that respects the ring structure: addition, multiplication, and the
identity element.

Definition 1.4. Let R and S be two rings. A map f: R — S is a ring homomorphism if the following
three axioms are satisfied.

(RHoml) f(a+0b)= f(a)+ f(b), Va,be R (ie. fis a homomorphism of Abelian groups),
(RHom2) f(ab) = f(a)(}), ¥ a,be R,
(RHom3) f(1)=1.

Note that, contrary to the case of group homomorphisms, where 0 — 0 follows from the compatibility with
the group operation, in the case of rings we may have that (RHoml) and (RHom2) hold, but (RHom3) fails.
(Exercise: find such an example.)

Remark 1.5. Let f: R — S be a ring homomorphism.

1.

2.

Im(f):={b€S : Ja € Rsuch that b= f(a)} C S is a subring of S.
Ker(f):={a € R : f(a) =0} C R is not a subring of R in general. (Exercise: Why?)



3. If f is bijective, then its inverse f~! : S — R is also a ring homomorphism. In this case, f is called
a ring isomorphism and the rings R and S are said to be isomorphic if there exists an isomorphism
between them.

4. f f: R — S and g : S — T are two ring homomorphisms, then their composition go f : R — T is
also a ring homomorphism.

Examples. 1. For every ring R, there exists a unique ring homomorphism f : Z — R. This means, that
Z is an initial object in the category of rings.

2. There are no ring homomorphisms from the zero ring to a ring with 1 # 0.

3. There is a unique homomorphism from any ring to the zero ring. This means that 0 is an terminal object
in the category of rings.

If S C R is a subring, the inclusion map S < R is a homomorphism of rings.
The canonical projection f : Z — Z/nZ, sending a — [al,, is a ring homomorphism.
Exercise: What are the ring homomorphisms Z/nZ — Z.

Complex conjugation C — C, sending z +— Z, is a ring homomorphism.

® N ot e

Let R be a ring, a € R an element, and R[x] the polynomial ring in one variable with coefficients in R.
The evaluation map ev,, : R[x] — R, sending p(x) + p(a), is a ring homomorphism. It is the only ring
homomorphism from R[z] to R which sends z to a.

1.1.2 Ideals

There are several reasons for introducing the following concept. One which we can see from the objects we
introduced so far, is that kernels of ring homomorphisms are not subrings in general. They are important, and
should play a role. A second reason will be that we cannot define a canonical ring structure on the quotient
of R by a subring S. This quotient R/S is a group (because the additive groups are commutative, thus S is
a normal subgroup of R), but the canonical multiplication is not well defined in general. Furthermore, ideals
allow one to generalize the fundamental theorem of arithmetic (the one about unique factorization of integers).

Definition 1.6. Let R be a ring. An ideal of R is a subset I C R satisfying the following two axioms.
(id1) I is a subgroup of (R, +).

(id2) Vre Rand Va €I we haver-a € I.

In axiom (id2) we may also simply write R-1 C I.

Remark 1.7. 1. If (id2) holds for I, we have by Remark 1.2 that 0 e T anda € I = —a = (—1)-a € I. So,
to check that I is an ideal it is enough to check

(id2) Vr € Rand V a € I we have r-a € I, and
(id1’) a,bel=a+bel.

2. {0} and R are ideals for any ring R. An ideal I is called proper ideal if I # R.

3.I=R&1el

4. For every ring homomorphism f: R — S, and any ideal J C S, the preimage
f7HI)={reR : f(r)eJ}

is an ideal of R. In particular, the kernel of f is an ideal of R.



5. Exercise: If f: R —» S is a ring homomorphism, is the preimage f~!(1) of 1 an ideal? What is it?

6. If I C Ris an ideal an f : R — S a homomorphism of rings, then f(I) is in general not an ideal. For
example Z — Q is a ring homomorphism, but the image of Z is not an ideal of Q. However, if f is
surjective, then ¢(I) is an ideal.

7. If I and J are ideals of R, then INJ and I +J ={a+b : a€ I and b € J} are also ideals.
8. If (I;);ez is a family of ideals, it is an easy direct check that the intersection of all of them is also an ideal.
9. For every a € R, the set
(a) == {r-a:rekR}
= R-a,

is an ideal of R. It is called the principal ideal generated by a, and it is the smallest (under inclusion)
ideal of R containing a. An ideal I is called principal if there exists an a € R such that I = (a). We abuse
notation even more, and denote the ideal (0) also by 0. (So 0 may mean an element, an ideal, or a ring!)

10. The ideal generated by a1,...,a, € R the ideal

It is the smallest ideal of R which contains aq,...,a,.

11. For a random (i.e. not necessarily finite) subset A C R, we define the ideal generated by A as the
smallest ideal containing A:

(A) = ﬂ J, where all the J are ideals.
JDA

It is an easy check, that (4) = {ZaeA rq-a : 1, € R and only finitely many r, are not zero} . That is,
the ideal generated by A consists of all finite linear combinations of elements of A with coefficients in R.

Note that, and ideal may not seem principal at first sight:
I1=(4,6)CZ

is given by two generators, but as 2 = (—1) -4 + 1 - 6, we have (2) = (4,6), so the ideal is principal. Note
also, that the set of generators 4,6 is inclusion minimal, but not of minimal cardinality among all sets of
generators of 1.

12. Let R be a ring and X a set. Consider the ring Map(X, R) introduced on page 6 and a subset Y C X.
Then
Iy ={f: X—R: fly =0,vVyeV}

is an ideal of Map(X, R).

1.1.3 Quotient rings
Let R be aring and I C R an ideal. As I is a subgroup of R, we have the equivalence relation on R given by
re~rs&sr—sel

The group (R, +) is Abelian, so I is a normal subgroup of (R, +) and thus R/I has a structure of Abelian group
as well. For every r € R we denote the equivalence class of r by [r] or by r + I. This is because

rl=r+I={r+a: acl}



Remark 1.8. For every ring R and every ideal I the following is a well-defined multiplication, which is
associative and distributive over the addition of R/I.

R/IxR/I — RJI
(I, [s]) ¥ [rs]

Thus, R/I with the above multiplication is a ring,.
Proof. Well-defined: Let r,r',s,s" € R with [r] = [r'] and [s] = [¢/]. This means, there exist a,b € I, such that
r=r+a and s =s+b.
We thus have
r's' —rs=(r+a)(s+b)—rs=rs+rb+as+ab—rs=rb+as+abecl,

because a,b € I and [ is an ideal.
Associativity and distributivity: The map 7 : R — R/I is a surjective group homomorphism satisfying

m(a-b) = [a-b] = [a] - [b] = 7(a) - m(b).
So associativity and distributivity follow. O

Definition 1.9. Let R be a ring and I and ideal. The ring R/I described in Remark 1.8 is called the quotient
ring (or residue-class ring, or factor ring) of R modulo 1.

The map 7 : R — R/I sending a +— [a] is a ring homomorphism.

Lemma 1.10. Let R be a ring and I and ideal. There is an inclusion-preserving bijection between the sets
{Ideals of R containing I} <> { Ideals of R/I },

which is given by the association J — mw(J).

Proof. Exercise. O

Theorem 1.11. Let R be a ring, I C R an ideal and # : R — R/I the canonical surjection. For every
ring S and every ring homomorphism f : R — S with the property that I C Ker(f), there exists a unique
homomorphism [ : R/I — S, such that f = f oxw. That is we have the following commutative diagram

R ! S
N
R/I

Furthermore,
1. f is injective < Ker f = I.
2. f is surjective < f is surjective.
Proof. Exercise. O

Corollary 1.12 (The first isomorphism theorem for rings). If f : R — S is a ring homomorphism, then there

exists a unique ring isomorphism f : R/ Ker(f) ——=Im(f) such that the following diagram commutes.

R ! Tm(f)
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1.1.4 Zero-divisors, nilpotents, units

Definition 1.13. Let R be a ring

1. A zero divisor is an element a € R for which there exists an element b € R\ {0} such that a - b= 0.
An integral domain is a ring R # 0, which has no zero divisors other than the element 0.

2. An element a € R is nilpotent if there exists some n € N5 such that a™ = 0.
We say that R is a reduced ring if R # 0, and R has no nilpotents other than 0.

3. A unit of R is an element a € R which has a multiplicative inverse: b € R such that ab = 1.
A field is a ring with 1 # 0 in which every non-zero element is a unit.

Just as zero divisors “divide 07, units “divide 1”.
Examples. 1. Z is an integral domain.
2. Every field is an integral domain, but not conversely.
3. Z/nZ is not an integral domain, if n is not prime.
4. [6] is nilpotent in Z/247Z.
5. [3] is a zero divisor in Z/247Z, but it is not nilpotent.
6. * — 2 is a zero divisor in R[z]/(2? — x — 2), but it is not nilpotent.

7. Every nilpotent element is a zero divisor.

Remark 1.14. 1. If @ € R is a unit, its multiplicative inverse is uniquely determined and is denoted by a~!.

2. R*={a € R : aisaunit} is a multiplicative group.
3. a € Risaunit & (a) = R=(1).
Proposition 1.15. For a ring R # 0 the following are equivalent.
(a) R is a field.
(b) The only ideals of R are (0) and (1).
(¢) Every homomorphism into a non-zero ring S is injective.

Proof. (a)=-(b) Let 0 # I C R be an ideal. Then there exists 0 # a € I, so a is a unit. Thus a™*-a=1€ I, so
I =R.

(b)=(c) If f: R — S is a ring homomorphism, then Ker(f) C R is an ideal. Because f(1) =1 # 0, we have
Ker(f) # R, so we must have Ker f = 0, thus f is injective.

(¢)=(a) Let a € R be an element which is not a unit. Then 1 ¢ (a), so (a) # R, and the quotient ring R/(a)
is not the zero ring. The canonical projection 7 : R — R/(a) is injective by (c), so Kerm = (a) = 0, and thus
a=0. O

11



1.1.5 Prime and Maximal Ideals

Definition 1.16. Let R be a ring.

1. Anideal p C R is a prime ideal ifabep=a€p or beEp.

2. An ideal m C R is a maximal ideal if there exists no ideal I of R such that m C I C R.
Remark 1.17. 1. Anideal p C R is prime < R/p is an integral domain.

2. Anideal m C R is maximal < R/m is a field.

3. In particular, every maximal ideal is prime, but in general not the other way around.

4. The ideal (0) is prime < R is an integral domain.

Remark 1.18. Let f : R — S be a ring homomorphism and q C S an ideal. We have that R/f~1(q) is
isomorphic to a subring of S/q. This implies:

1. If q is prime, then f~1(q) is also a prime ideal of R.
2. If q is maximal, it does not necessarily mean that f~1(q) is maximal. (Example Z < Q,q = 0).

Theorem 1.19. Every nonzero ring contains a mazximal ideal.

This theorem is actually equivalent to the axiom of choice, but we prove here only that it is implied by Zorn’s
Lemma, which is equivalent to the axiom of choice. Recall that a partial order on a set P is a binary relation
< which is reflexive, antisymmetric and transitive. A chain in (P, <) is a totally ordered subset C, that is, for
every x,y € C we have z < y or y < x. A subset C' C P has an upper bound in P, if there is an element b € P
such that z < b for all zx € C. A maximal element of P is an element m € P such that m < m/ implies m = m’.
This is not to be confused with a maximum /supremum /upper bound.

Lemma 1.20 (Zorn). Let (P, <) be a nonempty partially ordered set. If every chain C of P has an upper bound
in P, then P has at least one mazimal element.

Proof. Let P = {I C R | I is an ideal} ordered by inclusion. Since 0 € P, it is nonempty. We want to show,
that every chain in P has an upper bound in P. Let C' = (I,)acx, where X is some index set, be a chain in P.
So for every I,,Ig € C, we either have I, C Ig or Ig C I,. Define

I ::UIa.

Ic is an ideal: Let a,b € Ic. Then, there exist «, 8 € X such that a € I, and b € Ig. By the chain condition,
we may assume that I, C Ig. Thus a +b € Ig C I¢. The second axiom follows even quicker.

We have 1 ¢ I, because 1 ¢ I, for all & € X. Hence I¢ is an upper bound in P for C, and we conclude by
Zorn’s Lemma. L]

Every nonzero ring contains a prime is weaker than the axiom of choice. But this goes beyond the scope of this
course.

Corollary 1.21. FEvery proper ideal is contained in a mazximal one.

Proof. Let I C R be a proper ideal. Apply Theorem 1.19 and then Lemma 1.10. O

Corollary 1.22. FEvery non unit is contained in a maximal ideal.

12
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1.1.6 Local Rings

Definition 1.23. A local ring is a ring R with exactly one maximal ideal m. The field R/m is called the
residue field of R.

Local rings are usually denote as a pair (R, m), where m is the unique maximal ideal. A semi-local ring is a
ring with only finitely many maximal ideals.

Proposition 1.24. Let R be an ideal and m C R be a proper ideal.

(a) If all elements in R\ m are units, then R is a local ring and m its maximal ideal.

(b) If m is maximal, and every element of 1 + m:={1+a : a € m} is a unit, then R is local.

Proof. 1. If I C R is an ideal, then V a € I, a is not a unit, thus ¢ € m. So I C m for every proper ideal of
R.

2. Let a € R\ m, and consider the ideal m 4+ (a) 2 m. Since m is maximal, we have m + (a) = R = (1). So
there exists r € R and m € m such that ra +m = 1. Sora =1 —m € 1 + m, thus ra is a unit, and so
must be a. We can now apply (a) to conclude.

O
Remark 1.25.
Examples. 1. If K is a field, the formal power series ring
Klz1,...,2n]l ={ > caX® | ca € K}
acNe
is a local ring with maximal ideal m = (z1,...,z,). The residue field is K. So is every quotient of

K[[z1,...,zn]]-

2. A principal ideal domain, is an integral domain in which every ideal is principal. Every prime is maximal,
and of the form (p) with p a prime element. We consider the second part as known (it’s easy anyway).
To see that (p) is maximal when p is prime, assume (p) C (¢). This means p = ga for some a € R. So

=

ga =p € (p), thus ¢ € (p) or a € (p). The first (¢ € (p)) contradicts (p) S (g), so a € (p). That is, there

exists b € R such that a = pb. So p = ga = ¢pb, thus p(1 — ¢b) = 0. But R is a domain, so one of the
factors must be zero. Then, since p # 0, we get gb =1, so (¢) = (1) = R, and thus (p) is maximal.

3. In particular, in Z, we have Z/(p) =: F,, is the field with p elements. The ring K[z] is also a PID, for
every field. In a PID, every irreducible is prime, so to get a finite field extension of F,, we choose an
irreducible polynomial f € F,[z]. Then the ideal (f) is maximal, and F,[z]/(f) is a field with pdes(#)
elements. Explicitly, f = 22 + x + 1 is irreducible in Fy[x], and we get Fy = Fo[z]/(2? + x + 1).

4. For every a € K™ the map ev, : K[zy,...,2,] — K, given by eva(f) := f(a) is a ring homomorphism.
Its Kernel is always a maximal ideal: (z1 — a1,...,%, — ay). In particular, when a = (0,...,0), then we
get the set of ideals with no constant term.

5. Boolean rings have all prime ideals maximal (exercise).

6. Germs of holomorphic functions and the power series ring.
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1.1.7 Nilradical and Jacobson Radical

Definition 1.26. A ring is called reduced if it has no nilpotent elements other than zero.

Proposition 1.27. The set Nr of all nilpotent elements of a ring R is an ideal, and the quotient R/Ng is
reduced.

Proof. Let a € Ng, that is In € N such that a™ = 0. Clearly, for any r € R we have (ra)™ = 0, so ra € Ng.
Let b € Nz with b™ = 0 for some m € N. We want to show that a + b € ANr. We have that

n+m+1
(Cl + b)n+m+1 _ Z Bi . ai . anrerlfi7
i=0
where B; is the corresponding binomial coefficient, i.e. the image of ("*”"*") under the unique homomorphism
from Z to R. So, if i < n, then n+m+1—i>m and b"t™+1=# =0, and if i > n, then a™ = 0. In any case,
all the summands are zero, and thus a + b € Ng.

Let [a] € R/Ng be a nilpotent element. Then [a]* = [a"] = 0, which means that a™ € Ng. So there exists
m € N such that (a™)™ = a™™ = 0, thus a € Ng, so [a] = 0. O

Definition 1.28. The ideal N = {a € R : a is nilpotent} is called the nilradical of R.
In Section 1.2 we define the radical of an ideal, and with that in mind we have Ng = 1/(0).

Proposition 1.29. The nilradical Nr of R is the intersection of all prime ideals of R.

Proof. Denote by P the intersection of all prime ideals in R.

For every a € Ng we have a™ = 0 € p for every prime ideal p, so a € p for all primes.

We show that if f ¢ Ny, then f ¢ P. So, by assumption, we have f* # 0 for all n € Nyo. We
consider the set of ideals
Y:={ICR: f"¢1I, ¥n € N5y}

We have 3 # ), because (0) € 3. As in the proof of Theorem 1.19 we apply Zorn’s Lemma (Lemma 1.20) to 3
and obtain that it has a maximal element: call it p. We now show that p is a prime ideal, by showing that if
a,b ¢ p, then ab ¢ p. So, let a,b ¢ p. This means that p C p + (a) and p C p + (b), so, by the maximality of p,
none of the two is in ¥. This means, there exist n,m € N<( such that

ffep+(a) and f"ep+(b).
So, there exist p1,ps € p and r, s € R such that f* = p; + ra and f™ = py + sb. This implies
JrEm = f e f™ = pipy + p1sb + para + rsab € p + (ab),
and thus the ideal p 4 (ab) ¢ . This can only happen if ab ¢ p, and we conclude. O

Definition 1.30. The Jacobson radical of a ring is the intersection of all its maximal ideals:

jR = ﬂ m.
mC R

=mazx

Clearly Jr is an ideal. It is described by the following proposition.

Proposition 1.31. Let Jr denote the Jacobson radical of the ring R. We have

Jr={a€R|1—arisaunit for all v € R}.

14



Proof. Let a € Jr and y € R. Assume that 1 — ab is not a unit. Then, by Corollary 1.22, it is contained in
some maximal ideal m. But a € m as well, which implies 1 € m. — a contradiction.
Assume that a belongs to the right hand side, but that there is some maximal ideal m with a ¢ m. This

means m C m + (a), and by maximality we get

So there exists an b € m and r € R such that b4+ ra = 1. Thus m 3 b = 1 — ra which is a unit. — a
contradiction. |

1.2 Operations on ideals

Throughout this section, let R be a ring, I, J ideals of R, and (I;);c7 a family of ideals of R.

We saw in Section 1.1.2 that, INJ, Nyezl; and I+ J ={a+b : a €I and b € J} are ideals of R as well. We
are going to extend the sum to arbitrary families, and define further operations on ideals now.

Definition 1.32. (a) The sum of the (possibly infinite) family (I;);cz is the smallest ideal containing all of
them:
Zli = ﬂ J={>"a; : all finite sums with a; € I;}.
ieT JoU, Ii

(b) The product of the finite family of (not necessary different) ideals (I;);=1,..., is the ideal generated by
all the products of n elements, one from each ideal:

Iy - I, :=(ay---an : a; €I; for all 7).

(¢) For every n € N, the powers of I are defined as:

"= { (1) ifn=0

(a1---ap : a; €lforalli) ifn>0.

(d) The quotient ideal (or colon ideal) of the ideals I and J is the ideal (easy check)

[:J:={a€R :a JCI}

(e) The annihilator of the ideal I is the ideal
Ann(I):=0:I={a€R : a-I=0}.
For an element a € R we just write Ann(a) instead of Ann((a)).
(f) I and J are coprime ideals if I + J = (1).
(g) The radical of an ideal I is
VI :={reR : 3neNsuch that " € I}.

This is an ideal, because VI = 7' (Ng /1), where 7 : R — R/I is the canonical projection, the radical
is an ideal.

(h) We say that the ideal I is a radical ideal if I = /T .

15



Examples. 1. In Z, we have I = (a) and J = (b) and the operations on the ideals can be interpreted in
terms of the generators:

(a) + (b) (ged(a, b

(@)n(®) = (lem(a,
(a)(b) = (ab)

@:0) = ()

In particular (a)(b) = (a) N (b) if and only if @ and b are coprime.
If a = pt*...pI are the distinct prime factors of a, then

(CL) = (pl - - -pr) = ﬁ;l(pz)

2. In R = Klzy,...,z,], where K is a field, the ideal m = (z1,...,2,) (called the irrelevant maximal
ideal or the homogeneous maximal ideal) consists of all polynomials with trivial free term (i.e. term
of degree zero). Its powers m™ consist of all polynomials with no terms of degree < n.

Remark 1.33. The sum, intersection, and product are commutative and associative operations on the set of
ideals. Furthermore, the product is distributive over the addition:

I(J1+J2) =1Ji+1Js.

In the ring Z, N and + are distributive over each other. This is not the case in general. We only have the

modular law:
Iﬁ(J1+J2):IﬂJ1+IﬂJ2ifIQJl or I D Js.

Dalways holds: a € INJ1 +1NJy = 3by € INJy,bs € I NJy such that a = by + bs € J; + Jo, by definition,
and also in 1.

C may fail in general: a € I'N (J; + J2) = Jby € Ji, by € Jo such that a = by + b € I. But it may be that
b1,bs ¢ I; it must be both, for if one is in I, then so is the other. This is why J; C I or Jy C T imply the
equality.

Remark 1.34. We have
I+ NHIn)y=IInJ)+JINnJ)C1J,

but in general the other inclusion does not hold. In Z however, we have

((a) + (0))((a) N () = (ged(a, b)) - (lem(a, b)) = (ged(a,b) - lem(a, b)) = (ab) = (a)(b).
This implies, since IJ C I NJ, that if I +J = (1), then IJ =1nNJ.

Remark 1.35. We have the following easy to check relations.
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(viii

) VIJ =VINnJ =VInVJ
(ix) VI = (1) & I=(1)
(x) VI+J =VVI +VJ

i)

(xi) If p is prime, then /p™ = p for all n > 0.

By the definition of the radical of an ideal, we have the following corollary of Proposition 1.29.
Corollary 1.36. Let I C R be an ideal. We have

VI = ﬂ P, where all p are prime ideals.
p21

Proof. Apply Proposition 1.29 to R/I, and use Lemmal.10. O

1.3 Chinese Remainder Theorem

We will now look at a generalization of the Chinese Remainder Theorem from elementary number theory, which
essentially says that
Z/(mn)Z = Z/mZ x Z/nZ < ged(m,n) = 1.

For a finite family (1;);=1,... » of ideals of R, we define the map

®:R [l R/L:

ar——> (a+1,...,a+ 1)

Proposition 1.37. In the above notation we have

(a) If I; and I; are coprime for alli # j, then T[]\ I; = i, L.
(b) @ is surjective if and only if I; and I; are coprime for all i # j.
(¢) @ is injective if and only if NI, I; = 0.

Proof. (a) We use induction on n. The case n = 2 was dealt with in the previous remark, so assume the
statement holds for some n > 2, and we will prove it for n + 1. Denote by J := [[;_, I,. By the inductive

hypothesis we have
i=1 i=1

We first prove that I,,11 and J are coprime. From I,,11 + I; = (1) for every ¢ = 1,...,n we get that there exist
a; € I,41 and b; € I; such that a; + b; = 1. So

n n

[[o:i=]]0-a)=1+a, witha€ L,

i=1 i=1
thus ([[;—, I;) + In+1 = (1). We now conclude by the n = 2 case and the inductive hypothesis that

n+1 n+1
[[Li=7hn=Jnlin=()L

i=1
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(b) “=" By symmetry, it suffices to show that I; + Iy = (1). Since ® is surjective, there exists a € R such that
®(a) = (1,0,...,0), which means 1 —a € [ anda € I,. Thus1=(1—a)4+a €1 + Is.

“<” Again by symmetry, it suffices to find an a € R such that ®(a) = (1,0,...,0). Since for every i > 1 we
have I1 + I; = (1), there exist for every ¢ > 1 elements a; € I; and b; € I; such that a; + b; = 1. We define

a:= ﬁbi = ﬁ(l —a;)
=2 i=2

Clearly a € I; for all i > 1, and a = 1 mod I;.
(c) Wehavea e Ker® < acl;, Vi=1,...,n,s0 Ker® =, L. O

Corollary 1.38 (The Chinese Remainder Theorem). If Iy,...,I. are pairwise coprime ideals of R, then
I, Li=Ni_, Li and 7 : R/T]I; — [] R/1L; is an isomorphism.

1.4 Prime Avoidance

The union of ideals is not an ideal in general: (2) U (3) C Z contains 2 and 3, but 2+3 =5 ¢ (2) U (3). However,
we may say something about what happens if an ideal is contained in the union of primes. The following result
(which has many versions) is known as the prime avoidance lemma. It’s significance may become clearer after
Section 1.7.

Lemma 1.39 (Prime Avoidance). Let R be a ring.

(a) Let p1,...,pn be prime ideals of R and I C R some ideal with the property that I C \J;_, p;. Then I C p;
for some 1.

(b) Let I1,...,I, be ideals of R and p C R be a prime ideal with the property that p O (\;_, I;. Thenp D I;
for some i. Furthermore, equality in the first relation implies equality in the second; that is, if p = (i—; I;.
Then p = I; for some i.

Proof. (a) We will show by induction on n that
i1 Zpi, Vi=1,....n=1¢Z| ] (1.1)
i=1

For n =1 it is clear. To highlight the idea for the general case, we also do the case n = 2: Assume I ¢ p; and
I € po. This means, there exists a; ¢ p2 and ag € py. If a; ¢ py, then a; € p; Ups and we are done. Similarly
for as. So we assume that a; € p; and as € po. We consider now a := a1 + as.

If a € p1, because a1 € p; and as = a — a1, we get as € p1, a contradiction.

Analogously we get a & p2, so a ¢ p1 U pa.

Assume now that (1.1) holds for n, and we aim at proving it for n+ 1. Just like n = 2, for every i = 1,...,n+1,
by the inductive hypothesis, there exists an a; ¢ p;, for all j # i. As soon as some for some ¢, we have a; ¢ p;,
then a; ¢ p1 U---Upy,y1, and we are done. If a; € p; for all i, then we define

where the hat symbol means that the factor is skipped in the product. So the jth summand in the definition of
a belongs to all the p;, except p;. If a € p;, then we would have as - - - an4+1 € p1. Because p; is prime, we would
get that one of the factors would belong to p;, which would be a contradiction. Analogously we get a ¢ p; for
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all 7, and we conclude.

(b) By contradiction, assume I; Z p for all <. Therefore, there exists for every i an a; € I; \ p. We thus get on

the one hand . .
[1; jai e HIi - ﬂ I;,
i=1 i=1

and on the other hand [];_, a; ¢ p, because p is prime; a contradiction to our hypothesis.
For the equality part: If p = N7, 1;, then p C I; for every 4, and thus p = I;, for that ¢ for which I; C p. O

With the new definitions we can express the set D C R of zero divisors of R as

D= U Ann(a).

a#0
We can furthermore prove the following

Proposition 1.40. Let D be the set of all zero divisors of R. We have

D= U v Ann(a).

a#0

Proof. As I C +/T in general, we only have to check “2”. If z € Uazo VvV Ann(a), then 2" € Ann(a) for some
a # 0, so 2™ is a zero divisor, which clearly implies this for z as well. O

Proposition 1.41. Let I,J C R be two ideals such that /T and \/J are coprime. Then I and J are coprime.

Proof. We just apply the results from Remark 1.35 to prove that I + J = (1).

VI+T =\\WWT +VJ =y/1)=(01) = TI+J=(1).

1.5 Extension and Contraction
In this final section, let f: R — S be a ring homomorphism.
Definition 1.42. Let I C R and J C S be ideals.

1. The extension of I (under f) is the ideal of S:
I1° .= Sf(]) = {Zszf(al) LS € S,ai S I}
2. The contraction of J (under f) is the ideal of R:
Jo=f Y ={reR| f(r)e J}

Example 1.43. Z — Z]i]
Proposition 1.44. Let f: R— S, and I C R and J C S ideals. We have

(a) I C I and J D Je.
(b) I¢ = 1I°° and J¢ = Jeee.
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(¢) Let C ={I CR : 3J C S an ideal with I = J°} and E={J C R : 3I C R an ideal with J = I¢} be
the sets of contracted, respectively extended, ideals. We have

i) C={ICR : I**=1}
(i) E={JCS : J*°=J}
(iii) €: C — E given by I — I°¢ is a bijective map with inverse given by J — JC.
Proof. (a) is trivial, and (b) follows from (a).
To prove (c),(i) first notice that if I = I, then I is the contraction of I¢. If I € C, then I = J¢ for some
J € S. By (b) we have J¢ = J°°, which translates to I = I°¢. (ii) follows analogously, and (iii) is just an
application of (b).
O

Remark 1.45. If I1,1I5 C R and Jq,J; C S are ideals, then we have
Il +I2)€ = If +12€ and (Jl + JQ)C 2 ch + JQC

(a
(b

LNL) CIENTS and (J; N Jy)¢ = JENJs.
d Il Ig)egflef and (J1 J2)cgJ10ch

) (

) (
(€) (L1I)° = IIS and (JiJ2)° D JEJS.
(d) (11 :

) (VT)e CVI¢and (vVJ )¢ =Je.

(e

1.6 Algebraic Sets

The original motivation behind the introduction of ideals was the generalization of prime decomposition form
arithmetic. For this course, the main motivation to study ideals comes from Algebraic Geometry. This section
is a first step in this direction.

Algebraic sets are solution sets to systems of (not necessary linear) polynomial equations. We start by giving a
more precise definition for this. Throughout this section K will denote a field and n € N5 a positive integer.
The n -dimensional affine space overK is

Ag :={(a1,...,an} : a; €Kforalli=1,...,n}.

We deliberately avoid the notation K™ in order to emphasize that we do not mean the standard n-dimensional
K-vector space.

Via the evaluation map, we can think of polynomials as functions defined on Ay with values in K. These will
be called regular functions. We can thus study the subsets which are mapped to zero.

Definition 1.46. Let F C K|x1,...,2,] be a (possibly infinite) set of polynomials. The vanishing locus of
F is the set
V(F):={acAg : f(a)=0forall f e F}.

A subset Z C Ay is an algebraic subset if there exists a subset F' C K[z, ..., x,] such that
Z =V(F).

For every subset S C A} we define the vanishing ideal of S (or the ideal of regular functions vanishing on S)

as
I(S)={f € K[z1,...,z,] : Yaec S weget f(a)=0}.

It is an immediate check, that the set I(S) we defined above is actually an ideal.
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Example 1.47. 1. If F = {cy + 1z + -+ + cpa™} C Clz], then V(F) consists of the complex roots of the
polynomial. The fundamental theorem of algebra states that §V (F) > 1. We can view these as points on
the complex line Al. As a consequence of Bézout’s little theorem, we also have fV (F) < n. Ideals will
give us a method to keep track of “multiplicities” of the points, but for the moment we are only concerned
with them as sets.

2. If F = {zy} C Rz, y], then V(F) consists of the two coordinate axes. Notice however, that = = 0 gives
us the y-axis, and y = 0 gives us the z-axis. If we substitute F' with the set of all multiples of xy, that is
with the ideal (zy), we still obtain the same vanishing locus.

.U F={a?+y*+22— 1,2 — 2z} CR[z,y], the V(F) is the intersection of the unit sphere in A3 with the
plane given by z — z.

4. The set C\ {0} is not an algebraic subset of Al. If we consider a finite field F,, instead of C, then the set
is algebraic.

5. Every point and every line in Ay is algebraic.

Remark 1.48. Let Y, Z C A} and F,G C K[z1,...,x,] be subsets. We have:
(a) The ideal I(Z) C Kz, ..., x,] is radical.
(b) I(Y U Z)=I(Y)NI(Z).

)
)
(¢c) It Z C Y, then I(Z) D I(Y).
(d) If G C F, then V(G) 2 V(F).
)

(e) Let (F) denote the ideal generated by F. Then V ((F)) = V(F).

Proof. (a) Let f € \/I(Z). This means there exists r € N such that f" € I(Z), so f"(a) =0 for all a € Z.
From the evaluation map f"(a) = (f(a))" =0 € K for all a € Z. Because K is a field, it has no nilpotents
other than 0, so f(a) =0, for all a € Z, and thus f € I(Z).

(b) This is an easy direct check of the definition.
(c) This is an easy direct check of the definition.
(

d) This is an easy direct check of the definition.

)
)
)
(e) “C” follows from d) because F' C (F).

“D” Let a € V(F). We want to show that f(a) = 0 for all f € V((f)). Solet f € V((f)). This
means there exists a finite number of elements fi,...,fs € F and rq,...,7s € K|[xy,...,2,] such that

f=rifi+--+rsfs. So
fa)=ri(a)- fi(a)+---+rs(a)- fs(a) =ri(a)- 0+ ---+7rs(a)-0=0.
O

Proposition 1.48 e) implies that when dealing with algebraic sets, it is enough to look at vanishing sets of ideals.
The next proposition shows that set operations on algebraic sets are compatible with the operations on ideals.

Proposition 1.49. (a) The empty set and the affine space are algebraic sets.
(b) Let I,J C K[z1,...,x,] be ideals. Then

VIHUV()=V(INnJ)=V({I-J).
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(¢) Let T be an index set and (I;)icz be a family of ideals of K[z, ..., x,]. Then
Niez V(L) =V (ZieI Ii) ‘
Proof. (a) We have ) = V((1)) and A} = V((0)).
(b) We get V(I)UV(J)CV(InNJ)CV(I-J) from Proposition 1.48 d) as follows:

INJCI= V(InJ)2V{I)

INJCJ= V(INJ) V(J)} = V(HUV()CVInJ)

U |

[-JCINJ=V({INJ)CV(I-J).

To conclude, it is enough to prove V(I -J) CV(I)UV(J). Solet a € V(I-J) and assume that a ¢ V(I).
This implies, there exists and f € I, such that f(a) # 0. We aim at a € V(J), so let g € V/(J). We have
f-gel-J, so, (f-g)(a)= f(a)-g(a) =0. Because K is a field and f(a) # 0 we obtain g(a) = 0.

(c) Proposition 1.48 b) applies just as well for families of ideals, so
Niez V(L) =V (UieI Ii) :

By definition, the sum of the ideals is the ideal generated by the union so » , ., I; = (UieI Ii) , and we
conclude by Proposition 1.48 e).

O

Remark 1.50. Proposition 1.49 b) shows two possibilities of describing the union of two Zariski closed sets.
The first comes from V(I) UV (J) = V(I N J) is useful because if I and J are radical, then so is I N J. This
is of interest, because there is a one to one order reversing correspondence between algebraic sets and radical
ideals of the polynomial ring. The second comes from V(I) UV (J) = V(IJ) is more practical in nature: if we
know generators of I and J, we know (by definition) the generators of fg as well.

Recall from Topology (see the Appendix), that the closure S of any subset S C X, where X is some topological
space, is the intersection of all the closed subsets containing S. Proposition 1.49 shows that the algebraic subsets
of Ag satisfy the axioms of the closed sets of a topological space.

Definition 1.51. The algebraic sets of Af are called Zariski closed sets. A subset U C Ay is called Zariski
open if its complement A} \ U is Zariski closed. The set

T :={U C A} : U is Zariski open}
defines a topology on A% called the Zariski topology?.

This topological structure brings a powerful new tool to the study of algebraic sets. One should be careful
however, that the Zariski topology is very different from the usual topology on R™ or C". For instance, any two
nonempty Zariski open sets intersect, which means that this topology is not Hausdorff.

Lemma 1.52. (a) For any ideal I C K[x1,...,x,] we have’ /T C I(V(I)).

(b) Let S C AL be any subset. For the closure S of S in the Zariski topology we have S = V(I(S)).

Proof. (a) By definition we have I C I(V(I)), so v/I C /T(V(I)). By Proposition 1.48 a) we know I(S) is
always radical. So, we have +/I(V(I)) = I(V(I)), and we conclude.

20scar Zariski was an American mathematician
3When K is algebraically close, we even have equality. This is essentially the Hilbert Nullstellensatz.
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(b) By definition we have S C V (I(S)). Since V(I(9)) is closed, we also have S C V(I(59)). To check the other
inclusion, we have to show that V(I(S)) C Z, for every closed set containing S. So let J C K[z, ..., x,]
be an ideal and Z = V(J) 2 S be the corresponding closed set. On the one hand, from S C Z we get
I(S) 2 I(Z), from which we get

V(I(5) € V(I(2)).

On the other hand, from Z =V (J) we get J C I(Z), so
V(J) D2 V(I(Z)).
Putting the two together with V(J) = Z we get V(I(5)) C Z.

We have defined two maps:

®: {Algebraic sets in A} — {Radical ideals of K[z1,...,z,]}
Z s I(2)

U : {Radical ideals of K[z1,...,z,]} — {Algebraic setsin AR}
I — V()

In Lemma 1.52 b) shows that ¥ o ® = id. In particular, this means that ® is injective and ¥ is surject-

ive. We will see later (in Hilbert’s Nullstellensatz) that if K is algebraically closed, then also ® o ¥ = id,

so both are order reversing bijections, and we have a well-behaved correspondence between algebra and geo-

metry. If K is not algebraically closed, we cannot expect this: over R, we have V((z? + 1)) = V((1)) = 0,

so W is not injective. In particular, this is also an example where the reverse inclusion in Lemma 1.52 fails:
@ +1) € I(V((@+1)) = 1(0) = (1) = Rz].

Examples. 1. We look at the axes in 3-space over K: the z-axis is {(z,0,0) € A% : }, and analogously for
the y- and z-axis. These algebraic sets, corresponding to the radical ideals I, = (y, 2), I, = (x,z), and
I, = (z,y). We have by Proposition 1.49

V(- I,-1.)=V(I,NI,N L) = V(L) UV(I,)UV(L)
is the union of the 3 axes, but (z%y, 22z, xy?, y?z, x22, y22, xyz) = (I, I,-1.) C V(I,NI,NI,) = (zy, 2z, yz).
2. I =(y*—232) and J = (x,9).
For each point a = (ay,...,a,) € A, we define the maximal ideal
My = (1 — a1,..., Ty — Ap).

The ideal is maximal, because the quotient by it is isomorphic to K. To see this, consider the surjective ring
homomorphism ev, : K[zy,...,2,] — K given by f +— f(a), whose kernel is m,.

Remark 1.53. We have
I({a}) =m, and V(m,) = {a}.

The first equality follows because z1 — a1,...,2, — an, € I({a}), thus my C I({a}) € (1), and from the
maximality of m, we conclude. The second is obvious.

Lemma 1.54. Let a € A} be a point and I C K[z1,...,z,] be an ideal. We have
aeV() < I Cm,.

Proof. “=" From {a} C V(I) we have m, = I({a}) 2 I(V(I)) D I.
“<” From I C m, we get V(I) 2 V(m,) = {a}. O
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1.6.1 Hilbert’s Nullstellensatz

We do not have developed yet all the technical instruments to prove this important theorem. In particular, we
have not proven Noether normalization yet (see Theorem 8.20). I think it is nevertheless useful to have this
crucial correspondence stated here. For (friendly) details on this I recommend the first chapter of Klaus Hulek’s
book Introduction to Algebraic Geometry.

Theorem 1.55. Let K be an algebraically closed field and let K[x] = K[z1,...,z,]. Then the following hold.
(1) Every mazimal ideal m C K[x] is of the form
my = (1 —a1,...,z, —a,) =Z({a})
for some point a € Ag.
(2) If I C K[x] is a proper ideal, then V(I) # 0.

(8) For every ideal I C K[x| we have
V(1)) = VI.

The following is an obvious consequence of Hilbert’s Nullstellensatz, but I think it is worth stating in this form.

Remark 1.56. Let K be an algebraically closed field and fi, ..., f, € K[x] be finitely many polynomials, which
we think of as polynomial equations in n variables. Then precisely one of the following holds:

(1) There exists a common solution a € K", such that fi(a) =--- = f.(a) =0.
(2) There exist g1,..., 9, € K[x], such that g1f1 +- -+ g»fr = 1.
The Hilbert Nullstellensatz also has the following consequence.

Corollary 1.57. If K is algebraically closed, then the maps V : {ideals of K[x]} — {subsets of AR} and
T : {subsets of A} — {ideals of K[x]} induce the following bijections:

{algebraic subsets of Ay} A { radical ideals of K[x]}

Ul Ul
{irred. alg. subsets of Ag} JEEN { prime ideals of K[x]}
Ul Ul

{points of A} A { maximal ideals of K[x]}

1.6.2 The equivalence of categories
Algebras
We recall briefly the definition of algebra over a fixed ring R (commutative with identity).

Definition 1.58. An R-algebra is a pair (S, : R — S), where S is a ring with identity element 1, but
which is not necessarily commutative, and ¢ is a ring homomorphism.

It is a straight consequence of the definition, that if S is an R—algebra and T is an S—algebra, then T is an
R—algebra. In particular, every quotient ring S/J of an R—algebra S is also an R—algebra. The setup that we
care about is when R = K is a field an S = K[z, ...,2,] or a quotient thereof.

Other important examples, the reader may be familiar with from linear algebra, are the K-algebra of endo-
morphisms of a K-vector space, or the K-algebra of quadratic n x n matrices. Note that these two are however
noncommutative.
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In the definition of R-algebra it is not required for ¢ : R — S to be injective. When R is a field this is always
the case. In the general case we may replace R with ¢(R), which is a subring of S isomorphic to R/ ker ¢. Any
statement about the R-algebra S can be then recovered from a statement about the R/ ker ¢-algebra S.
Assumption: It is thus convenient and not restrictive to assume that the structure morphism ¢ is injective,
and identify R with o(R).

The R-algebra generated by a subset S of the R algebra S is the smallest R-algebra containing S. Just as in
the case of generating sets for other algebraic structures, it is a standard check that the algebra generated by S
is the set of elements obtained by the permitted algebraic operations; in this case addition and multiplication
in S and multiplication with elements form R. We write R[S] for this algebra. This means, that R[S] is the set
of all polynomial expressions in the elements of S with coefficients from R.

In particular, if S = {s1,...,s,} is finite, and R = K, so we may identify K with its isomorphic image ¢(K) in
S, we have

K[S] ={f(s1,--.,8n)  [fEKz1,... 2]}

We call an R-algebra S a finitely generated R-algebra, or an R-algebra of finite type, if there exists a
finite subset S = {s1,...,8,} of S such that S = R[S]. For this generating set there is a canonical R-algebra
surjective homomorphism

¥ R[xy,...,x5] — R[s1,...,8,] =S Ti — S,

which implies by the first isomorphism theorem, that S ~ R/ ker 1.

In particular, every finitely generated K-algebra is isomorphic to a quotient of the polynomial ring in finitely
many variables and coefficients in K. Such structures will play a central role in algebraic geometry and in the
associated approach to commutative algebra.

If (S,¢o: R— S) and (5, ¢’ : R — 5’) are two R-algebras, then a map f: S — S’ is a homomorphism of
R-algebras if f is a ring homomorphism such that f o = ¢/, that is it makes the following diagram commute:

s— I g

\ / (1.2)

The ring of regular functions

If Z C AL is an algebraic set, then we are interested in the ring of regular functions* defined on Z:
02Z)={¢:Z—K : 3f eK[zy,...,2,] with p(a) = f(a) Yae Z}.

This has a ring structure with point-wise addition and multiplication. Furthermore, we can embed K into O(Z)
by considering for each ¢ € K the corresponding constant function on Z. So O(Z7) is a K-algebra.

Clearly every polynomial in K[x] defines a regular function. Two polynomials f, g take the same values at each
point of Z, precisely when f — g is vanishes at each point of Z, so if and only if f — g € Z(Z). In other words
we have a surjective K-algebra homomorphism K[x] — O(Z), whose kernel is Z(Z). Thus

0(Z) ~ K[x|/Z(Z).

The regular functions on the whole space z; : AR — K, with z;(a) = a;, are called the coordinate functions.
Their residue classes in K[x]/Z(Z) are K-algebra generators of this ring, thus by the canonical isomorphism
above, they can be seen as K-algebra generators of O(Z). For this reason, O(Z) is also referred to as the

4 or algebraic functions, i.e. defined by polynomials.
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coordinate algebra of Z.% It will be useful to regard the residue classes of the indeterminate as coordinate
functions, so for every a € ZK we have

a=(a1,...,an) = (71(a), ..., Tn(a)).

Regular maps

Let Z C Ag and W C AR be two algebraic sets. A map F': Z — W between them is a regular map if there
exists polynomials fi,..., f, € K[zy,...,x,], such that

F(a) = (fi(a),..., fm(a)) e W Vae Z.

Using the inclusion map W — A, we can write F'(z) = (F1(z), ..., Fn(z)) for any map F : Z — W. Thus,
the map F' is a regular map, precisely when all the functions F; : Z — K are regular functions on Z.

Clearly regular maps satisfy the properties for morphisms in a category: composition, associativity and unitial
properties. So for each (algebraically closed) field K we obtain a category AffSets(K) of affine algebraic subsets.

The equivalence of categories

Before we state the theorem, we want to define the pullback of a regular map f : Z — W. This is the map
f*: O(W) — O(Z), which sends a regular function g : W — K on W to the regular function go f : Z — K
on Z. This means

g =gofecO(z) VgeOW).
We have now all the ingredients to prove state the following corollary of Hilbert’s Nullstellensatz.
Theorem 1.59. Let K be an algebraically closed field. There is an equivalence of categories between AffSets(K)
and the category of reduced finitely generated K-algebras and K-algebra homomorphisms, defined by the (con-

travariant) functor F which sends affine algebraic sets to their ring of regular functions and regular maps to
their pullback.

Proof. We will show that the functor F is fully faithful and essentially surjective®

F is fully faithful. We have to show that for any affine sets Z C Ag and W C AP’ the following map is
bijective:
Fzw : Homagsets(Z, W) — Homg a15(O(W), O(2)).

We start with injectivity. Let f, f’ € Homagsets(Z, W) be maps with f* = (f')*. So for all g € O(W) we have

flg)=gof=gof =(f)(9) € 02).

This means in particular, that for the coordinate functions 1, ..., gm on O(W) ~ Kly1, ..., ym]/Z(W) and for
all a € Z we have

@i o f)(a) = 5:(f(a)) = %:(f'(a))
This implies that for every a € Z that

f@) = @(f(@),--,um(f(@)) = @ (f (@), ... 7m(f'(a) = f'(a).

For surjectivity, let ¢ : O(W) — O(Z) be a K-algebra homomorphism. Denote for every i = 1,...,m the
image of the coordinate functions of W by

5= o(7:) € O(2).

5 One should think of the K-algebra O(Z), as a way to describe Z without mentioning its embedding in the affine space Ag.

6 Recall that a functor is full if it induces a surjective map on the sets of morphisms, it is faithful if it induces an injective map
on the sets of morphisms, and a functor is essentially surjective if every object in the target category is isomorphic to an object in
the image of the functor.
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In particular, because ¢ is a K-algebra morphism, for every residue class of a polynomial h € K[y, ..., ym] we
have

@([h]) = h(517 ey Sm)-

We define the map f : Z — AR through f(a) = (s1(a),...,sm(a)). This is by definition a regular map. It
also satisfies f* = ¢, because as functions on W we have the following:

[ @i) =0io f =s:=¢(U:)

for every i = 1,...,m and the g; are the K-algebra generators of O(W).

We just need to check that f(Z) C W. As W = V(Z(W)), this means that we need to check for every f(a),
that we have
h(f(a))=0  VheZI(W).

As h € Z(W), it means that [h] = 0 € OW) = Kly1, ..., ym]/Z(W). Because ¢ : O(W) — O(Z) is a ring
homomorphism, we have ¢([h]) = 0 € O[Z]. In other words, ¢([h]) is the zero function on Z. This implies that

h(f(a)) = h(si(a),...,sm(a)) = ¢(h)(a) = 0.
Therefore f(a) € W.

Finally, for effective surjectivity we just need to show that every finitely generated reduced K-algebra R is
isomorphic to some O(Z) for some algebraic set O(Z). As R is a finitely generated K-algebra, there exists some
n € N such that

R ~Kl[z1,...,z,]/1,

for some ideal I C K[x]. Being reduced is equivalent to I being radical, so by Hilbert’s Nullstellensatz, we have
I'=Z(V(I)) and thus R ~ K[x]/T ~ O(V(I)). O

1.7 The spectrum of a ring

We just saw that Hilbert’s Nullstellensatz gives more than a nice correspondence between maximal ideals and
points in affine space. It gives an equivalence of categories, so one could “do geometry” just by working with
reduced finitely generated K-algebras over algebraically closed fields. This category is however not as large as
one may want. There are constructions of families of such objects, which are geometric objects themselves. In
order to study them properly one should thus enlarge the category on the algebra side of the correspondence.
The topology on the prime spectrum of a ring is (first step towards) the answer to the question: What category
of geometric objects is equivalent to the category of commutative rings?

One could have been tempted to keep just maximal ideals as the points in these geometric objects. One problem
with this approach is given by Remark 1.18: the preimages of maximal ideals under ring homomorphisms are
not necessarily maximal ideals again. But the preimages of prime ideals are prime. If one wants to mimic
Theorem 1.59 for generic rings, one needs to define the a functor from the category of rings. Then morphisms
should map points into points, and the natural way for doing this is by taking preimages.

Definition 1.60. For every ring R the (prime) spectrum of R is the set Spec(R) containing all prime ideals
of R. For any ideal I C R, the variety of [is

V(I):={p € Spec(R) : I Cp}.

The maximal spectrum of R is MaxSpec(R) is the set of all maximal ideals of R. Hilbert’s Nullstellensatz
(see later in these notes/ the Internet/ a book) tells us that MaxSpec(K[z1,...,x,]) is in bijection with the
points of Ag when K =K.

Remark 1.61. We have the following Properties of Spec R:
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1. Spec(R) is empty if and only if R is the zero ring.

2. If I C J then V(J) CV(I).

If V(J) C V(I) then I C+/J . (This is a consequence of Corollary 1.36).
VI =V(J) <= VI =+J.

5. V() UV(J)=V(INJ)=V(I-J).

6. If (1;)icz is a family of ideals, then Nz V (I;) = V(3,7 i)

7. V((1)) = 0 and V((0)) = Spec(R).

Just as in the case of algebraic subsets of the affine space, the properties 5., 6., 7. of Remark 1.61 imply that
the collection of subsets {V(I) : I C R ideal} C 25P°¢ £ gatisfies the closed-sets-axioms of a topology. We call
the topology on Spec(R) with closed sets V(I) (also) the Zariski topology. Moreover, the map I — V(I) is
an order-inverting bijection from the radical ideals to the closed sets.

Next we will describe a basis” for the Zariski topology (see Appendix A). Working with a basis simplifies many
proofs.
Given an element f € R we define the principal open set (or distinguished open set®) associated to f as

D(f) := Spec(R) \ V((f))-

Remark 1.62. By definition we have p ¢ V/(I) < I € p, so

peD(f) = pgV(f) = (/) Lp = f&p.

Proposition 1.63. The principal open sets form a basis of the Zariski topology on Spec(R).

Proof. Let U be a Zariski open subset of Spec(R) and p € U be a point. This means that there exists an ideal
I C R such that U = Spec(R)\ V(I) and that p ¢ V(I). The latter implies by the definition of V' (I) that I € p.
In particular, there exists an element f € I such that f ¢ p. By Remark 1.62 this is equivalent to p € D(f).
Because f € I, we also have (f) C I and thus V(f) D V(I). By elementary set theory we have

D(f) = Spec(R) \ V() C Spec(R) \ I = U.
O

The previous proposition can be used in particular to show that the union of all distinguished open sets the
whole spectrum is. Distinguished open sets also have the following property:

D(f) N D(g) = D(fg). (1.3)

This holds, because p € D(f) N D(g9) < f,g ¢ p, which, because p is a prime ideal, is equivalent to fg ¢ p.
These two properties (covering of the space and closure under intersection) mean that one can define a topology
on Spec(R) by taking all possible unions of distinguished open sets. As we have seen in Propostion 1.63, this
topology is the Zariski topology.

The principal open sets also satisfy the following.

7 A basis for a given topology T on a set X is a collection B of subsets of X such that
VU€eT andVxeU IBEBsuch that z € BCU.

8hence the letter “D” in the notation D(e). In [AM69] these sets are called basic open sets and denoted by X .
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Remark 1.64. (a) D(f) =0 < f is nilpotent.
(b) D(f) =Spec(R) < f is a unit.
() D(f) =D(g) <= V(f) =/ (9)-
Proposition 1.65. For any ring R, the topological space Spec(R) is quasi-compact’.

Proof. Let (I,)aca be a family of ideals, and denote for each o € A by U, = Spec(R)\ V(I,,) the corresponding
open set. Assume that

Spec(R) = Uyca U
This is equivalent to (),c 4 V(Ia) = 0. As (Nyca V(o) = V(3 ,ca la), we obtain that

> aca la is not contained in any prime ideal of R.

This implies it must be the whole ring, so 1 € ZaeA I,. This means, there exist finitely many indices aq, ..., a;,
and for each index an element f; € I,, such that f; +---+ f, = 1. This implies

Z:=1 I, = (1)
So, reasoning as above, but in reverse, we get Spec(R) = J._, Uy, - O
Furthermore, every D(f) is quasi-compact, and any open subset of Spec(R) is quasi compact if and only if it is

the finite union of principal open sets.

In the usual topology on R™ or C", as well as in the Zariski topology on Ag, all the sets consisting of exactly
one point were closed. This is no longer true in general for the spectrum of a ring.

Proposition 1.66. Let R be a ring and p € Spec(R).

Spec(R) is a Ty-space'®.

Spec(R) is irreducible <= /0 is a prime ideal.
The irreducible components of Spec(R) are the closed sets V(p), where p is a minimal prime ideal of R.

For every ring homomorphism ¢ : R — S, there exists a natural map ¢* : Spec(S) — Spec(R), given by

©*(a) == ¢~ (q).

Note that the same procedure does not work in general for the MaxSpec, that is MaxSpec does not behave
functorially.

Proposition 1.67. Let R and S be rings, and denote by X := Spec(R) and Y := Spec(S). Let f : R — S be
a ring homomorphism, and ¢* : Y — X the associated map. We have the following.

(a) @* is continuous.

(b) If I C R is an ideal, then (p*)"Y(V (1)) = V(I°).

9 A topological space is quasi-compact if and only if each open covering of X has a finite subcovering. The term compact

means quasi-compact and Hausdorff.
10 A space X is Ty if for any z,y € X there exists an open set U such that (z € U and y ¢ U) or (x ¢ U andy € U).
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(¢) If J C S is an ideal, then ©*(V(J)) =V (J°).

(d) If p is surjective, then ©* is a homeomorphism of Y onto the closed subset V(Ker(p)) of X. In particular,
Spec(R/I) and V(I), as well as Spec(R) and Spec(R/+/(0)) are naturally homeomorphic.

(e) If ¢ is injective, then ©*(Y) is dense in X. More precisely, ©*(Y) is dense in X if and only if Ker(yp) C

(0).
(f) If ¢ : S — T is another ring homomorphism, then (¥ o ¢)* = @* o *.

This proposition shows that Spec is a contravariant functor from Ring to Top.
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Chapter 2

Modules

Modules are to rings what vector spaces are to fields. There are two major examples of modules over a ring R:
ideals and quotient rings. This alone should be reason enough to have a closer look at modules.

2.1 The category of modules

Definition 2.1. Let R be a ring. An R-module is a pair (M, u) where M is an Abelian group and p is an

external operation p : R x M — M, for which we write r@ := pu(r,x), such that the following axioms are
satisfied:

M1) r(z+vy) =rz+ry,

(M2) (r+s)x =rx+ sz,

(M3) (rs)z =r(sz),

(M4) 1z = Vrs€e RandVz,ye M.

Remark 2.2. Denote by Endap (M) the (usually not commutative) ring of endomorphisms of the Abelian group
M. Maps ¢ : R — Endap(M) from the commutative ring R to Endayp (M) are in one-to-one correspondence
with actions of R on M: rz <— (p(r))(x). Through this correspondence, M is an R-module if and only if ¢ is
a ring homomorphism. In other words, one could define an R-module as a pair (M, ¢) where M is an Abelian
group and ¢ : R — Endan (M) is a ring homomorphism.

Examples. 1. If I C R is an ideal, then [ is an R-module. In particular, R is an R-module and the trivial
group 0 is an R-module.

2. If R=K s a field, then an R-module is a K-vector space.
3. The category of Z-modules is equivalent to the category of Abelian groups.

4. f R = K|z], with K a field, then R-modules are K-vector spaces together with a K-vector-space-
endomorphism.

5. A ring homomorphism ¢ : R — S defines a R-module structure on S by setting
rs:=p(r)-s

In particular, for every ideal I C R we have that R/I is an R-module via the canonical projection
m:R— R/I.
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6. For every ring R the Abelian Group (R™, +), where the addition is component-wise has a natural structure
of R-module. This is called the standard free R-module of rank n.

7. If G is a finite group, and K[G] is the group algebra over the field K, then K[G]-modules are K-
representations of G.

Remark 2.3. Let R be a ring and M and R-module. For all r € R and x € M we have
(a) r0 =0z =0,
(b) a(=z) = (—a)z = —(ax).
If R =K is a field, then we also have from linear algebra rz = 0 = r = 0 or x = 0. This fails in general for
modules: 0 # 2 € Z/47 und 0 # 2 € Z. We will come back to these annihilating elements.
Definition 2.4. Let M, N be two R-modules. An R-module homomorphism (or R-linear map) is a map
f:+ M — N satisfying
(MHom1) f(z +y) = f(z) + f(y),
(MHom?2) f(rz) =rf(x).
for all € R and all z,y € M.

In particular, an R-linear map is a group homomorphism which is compatible with the action of R. The
composition of R-module homomorphisms is again an R-module homomorphism.

In linear algebra the set of linear maps Homg (V, W) has a natural structure of K-vector space. Analogously,
for any two R-modules M and N, the set of all R-linear maps

Homp(M,N):={f: M — N : fis R-linear}
has a structure of R-module with the operations f 4 g and r f defined by:
(f+9)@) = [flx)+g@)
(rf)(x) = rf(z)

for any f,g € Homgr(M,N), r € R and © € M. The neutral element for addition is the zero homomorphism
0: M — N, given by x — 0.

Remark 2.5. Let M, M’, N, N’ be R-modules.

For u: M — M' define w*:Homp(M',N)— Homp(M,N) uw*(f) = fou

For v: N — N’ define v, : Homp(M, N) — Homp(M,N’) ve(f) :=vof
Both u* and v, are R-linear maps. Therefore, for fixed R-modules M and N, Hompg(—, N) and Homg(M, —)
are functors from R-Mod to R-Mod, with the first being contravariant and the second covariant.
Modules which have identical (indistinguishable) structures are called isomorphic. The “correct”! definition of
an isomorphism is the following.

Definition 2.6. Let R be a ring and M, N be R-modules. An R-linear map f : M — N is an isomorphism
of R-modules if there exists an R-linear map f' : N — M such that fo f/ =idy and f' o f = idy,.

Exercise. Show that an R-module homomorphism is an isomorphism if and only it is bijective.
Remark 2.7. For any R-module M there is a natural isomorphism

Hompg(R, M) = M
given by Hompg(R, M) > f — f(1).

1By “correct” we mean it works for any category. The point for doing this is that not in all categories bijective homomorphisms are
isomorphisms. An easy abstract example is in the category of Posets with order preserving maps as homomorphisms: P = {a, b, ¢}
with @ < b and a < ¢, but b and ¢ incomparable, and Q = {1,2,3} with the natural order. The map a — 1, b — 2, ¢ — 3 is
a bijective homomorphism, but the inverse (in Set) is not a homomorphism of posets. There are also examples from algebraic
geometry, where bijective continuous maps are not always homeomorphisms (the isomorphisms between topological spaces).
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2.2 Submodules and Quotient Modules

Definition 2.8. Let R be a ring and M an R-module. An R-submodule of M is a subset N C M such that
(SM1) N # 0,
(SM2) Vz,y € N we have z +y € N,
(SM3) Vr € R and Yz € N we have rz € N.

In particular, an R-submodule is an R-module. For any 2 € N we have —x = (=1)xz € N and 0z =0 € N, so
a submodule is a subgroup which is closed under multiplication with elements from R. Notice that this works
even if R is the zero ring: By the module axiom (M4) we have for all z € M that © = lx =0z =0, so M = 0.

Any ring R is an R-module, and the R-submodules of R are exactly the ideals of R.
If N is a R-submodule of M, then the Abelian group M/N inherits an R-module structure defined by

r(c+ N):=rc+ N VreR.

The R-module M/N is called the quotient module of M by N. By directly checking the definition, one can
see that the canonical projection 7 : M — M/N is an R-module homomorphism.

Remark 2.9. There is a one-to-one order-preserving correspondence
{Submodules of M containing N} <+ { Submodules of M/N }.
Lemma 1.10 is just a particular case of this statement.

Let f: M — N be an R-module homomorphism.

The kernel of f is the set Ker(f):={x e M : f(z) =0}.

The image of f is the set Im(f) := f(M)={y € N : 32 € M such that f(z) = y}.

It is a very easy check to see that Ker(f) is a submodule of M and Im(f) is a submodule of N.
The cokernel? of f is the R-module Coker(f) := N/Im(f).

Just as for groups and rings, the quotient module satisfies a universal property:

Theorem 2.10. Let R be a ring, M an R-module and M’ C M a submodule. Let m : M — M/M’' be the
canonical surjection. For every R-module N and every R-module homomorphism f : M — N with the property
that M’ C Ker(f), there exists a unique homomorphism f : M/M' — N, such that f = fon. That is we have
the following commutative diagram

Furthermore,
1. f is injective < Ker f = M.
2. f is surjective < f is surjective.

Theorem 2.10 has several consequences. We will start with the Isomorphism Theorems. Later on (cf. 2.36) we
will see more consequences.

2If you think of “kernels” as measures of how far a homomorphism is from being injective, then “cokernels” give a measure of
how far a homomorphism is from being surjective. They play an important role in duality, and are useful in homological algebra,
where they fit certain diagrams in the most natural way.
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Corollary 2.11 (The First Isomorphism Theorem for Modules/Fundamental Theorem of Homomorphisms).
If f : M — N is an R-module homomorphism, then M/ Ker(f) = Im(f).

A further corollary is the so-called Second Isomorphism Theorem®. Some authors pack in this statement

Remark 2.9 as well.
Corollary 2.12 (The Second Isomorphism Theorem for Modules). If N C M C L are R-modules, then
LN L
M/N M’
Proof. We define the map f: L/N — L/M by
flx+N):=z+ M.

The map f is well defined, because if t + N =y+ N, thenz —y € N C M,sox+ M =y+ M. It is clearly an
R-module homomorphism, and z + N € Ker(f) if and only if 2 € M, so Ker(f) = M/N. We conclude by The
First Isomorphism Theorem 2.11. O

The sum of two submodules My, My C M is My + My = {z1 +x2 : x; € M;}. (Cf. Section 2.3, Definition 2.14
for more details and a generalization to arbitrary families.)

Corollary 2.13 (The Third Isomorphism Theorem For Modueles). If My, My are R-submodules of M, then
My + My M

M,  MiN My

Proof. Consider the inclusion map @ : My — M; + M, given by = — x, and the canonical projection
m: My + My — (My+ Ms)/M;. The composition f = o1 is surjective and its kernel is My N M. We conclude
by The First Isomorphism Theorem 2.11. O

2.3 Operations on Submodules

We may extend most operations from Section 1.2 to modules. Let M be and R-module and (M;);cz be a
(possibly infinte) family of submodules of M. An immediate check shows (1, M; is an R-submodule of M as
well.

Definition 2.14. (a) The sum of the family (M;);cz is the smallest R-submodule of M containing all of

them:
M o= N M

ieT M2, M;

= { > x; : all finite sums with z; € MZ} .

(b) We cannot define the product of submodules because we cannot (internally) multiply elements in a module.
What we can do is multiply elements of a (sub)module with elements of R. For an ideal I C R and an
R-module M we define

IM = {Erka:k : all finite sums with r, € I, and z; € M} .

(¢) The colon of two R-submodules N, P C M is the ideal of R defined as

N:P:={a€R : aP CN}.

3The exact names are not universally accepted, and vary in the literature. However the generic name of these results as The
Isomorphism Theorems is widely spread.
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(d) The annihilator of the R-module M is the ideal of R defined as
Amp(M):=0: M ={a€ R : aM =0}.
An R-module is called faithful if Anng(M) = 0.

(e) An element x € M is called torsion element if Anng(x) # 0. The torsion submodule of M is
Tors(M) ={z € M : Anng(z) # 0}.

(Exercise: Check it is actually a submodule.) An R-module M is called torsion free if Tors(M) = 0,
and it is called torsion module if Tors(M) = M.
Warning: Torsion free is not the same as faithful. Exercise: Which is stronger?

(f) The submodule generated by an element « € M is Rx:= {rz : r € R}. It is also denoted by (z) or by
Spanp{x}.
(g) We say that the subset S = {z; | i € Z} of M is a set of generators of M if
Spang(9) = ZRI’i =M.
i€

This means that every element of M can be expressed (not necessarily uniquely) as a finite linear com-
bination of elements of S with coefficients from R. We say that S is a minimal set of generators of M
if no proper subset generates M.

(h) An R-module is called finitely generated if it has a finite set of generators.

Remark 2.15. For an R-module M and any ideal I C Anng (M), we may regard M as an R/I-module as well.
The action is given by

(r+ Dz :=rx, forallr+I€ R/Iand z € M.

The only thing to check is that it is well defined: If r +1 =’ + I, then r —r’ € I C Anng(M), so (r — ')z =
re —r'z =0 for all x € M. We thus have that every R-module M is a faithful R/ Anng (M) module.

Remark 2.16. Let M, N be R-modules. It is an easy Exercise to prove that:

(a) Ann(M + N) = Ann(M) N Ann(N).
(b) M : N =Ann (%)

2.4 Direct Sum and Direct Product

Let Z # () be a possibly infinite index set, and let (M;);cz be a family of R-modules indexed by Z. The Cartesian
product

>< M; = {f L — UjerM; f(Z) € MZ,V xS I} = {(Ii)iEI}
i€l

together with component-wise addition and scalar multiplication is an R-module called the direct product of
the famlly (MZ)ZEI
The subset

@Mi = {(xi)iez € X M; : x; # 0 for finitely many ¢ € I}

i€ i€L

is a submodule of the direct product called the direct sum of the family (M;);cz. In particular, the direct sum
and the direct product coincide if Z is finite.
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For an index set Z we denote by M%” := @, ; M the direct sum of the family indexed by Z in which each
member is M. If Z is finite of cardinality n we write M™ for M®{L--7} The convention is that the empty
direct sum is the zero module, so M° = 0.

For every family (M;);cz of R-modules and for every k € Z we define the maps

ijMk — @ieIMi
r, ifi=k

r +— (x4)icz with x; =
(¥:)iez ! {O, if otherwise,

and the maps
Tk * XiEI M,L' — Mk
(i)iex +—— Tk

Remark 2.17 (The universal property of the direct product). For any R-module N and any collection of
R-linear maps (gx : N — My)kez, there is a unique homomorphism g: N — XieI M; such that the following

diagrams commute for every k € Z:
N 9 M,
3
9 Tk

XiEI MZ

In other words,

Homp (N, X Mi> >~ X Hompg(N, M;).
i€T ieT

Remark 2.18 (The universal property of the direct sum). For any R-module N and any collection of R-linear

maps (fx : My — N)rez, there is a unique homomorphism f: @, ; M; — N such that the following diagrams

commute for every k € Z:

M, I N

3!
Jk f

Gaiel M;

In other words,
Homp <@ Mi,N> =~ Y Hompg(M;, N).

i€T i€

If R = X?Zl R; is the finite direct product of the rings R;, then we have for each ¢ = 1,...,n the following
ideals of R:
I; :z{(O,...,O,aZ—,O,...,O) : CLZ'GRZ'}.

These are proper ideals if n > 2. Then R, as an R-module, is the direct sum of the ideals I;. Conversely, given
an R-module decomposition of R as
R=IL®---&1I,

as a direct sum of ideals, we have
R>~R/Jy X - X R/ Jy,

where Jy := @#k I;.
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2.5 Free Modules and Finitely Generated Modules

One should be careful that relation between matrices and endomorphisms of R-modules is not as good for
modules as it is for vector spaces. This is because modules may have minimal generating sets which are
not linearly independent, so R-modules may not have any basis. This means, in particular, that presenting
elements as a linear combination of minimal generators is no longer unique. So, when defining homomorphisms,
one cannot pick just any image for the minimal generators and extend by linearity.

Example 2.19. Let us take R = K]z, y] and the R-module I = (x,y). This is not a free R-module. While
{z,y} is a minimal generating set, it is not linearly independent over R. This means in particular, we cannot
define an R-linear map on I just by picking any images for « and y and then extend by linearity. For instance,
if we want to define a map f:I — I by f(z) :=y and f(y) := « we would get by K[z, y]-linearity

fO)=fly-z—z-y)=yf(z) —xfly) =y* —a® #0.

A basis of an R-module M is a set of generators {z;};cz of M which are linearly independent, i.e. any finite
linear combination which gives zero must be trivial. An R-module M is a free R-module if it is isomorphic to
R®T for some index set Z. Free modules are more similar to vector spaces, because they always have a basis:
for the R-module R®Z there is always the canonical basis {e; | i € Z}. In fact, for any R-module being free is
equivalent to having a basis. This means, that for every R-module M and any family of elements (m;);cz from
M, one can always define the R-linear map ¢ : R®Z — M by setting ¢(e;) := m; and extending by linearity
(Exercise: check that this works when there is a basis).

Remark 2.20. Let r,;s € N. If there exists a surjective R-linear map ¢ : R” — R®, then r > s. In particular,
R" = R? if and only if r = s. Exercise: Can you also deduce that r < s if ¢ is injective?

We can thus define the rank of a free R-module M as the unique r for which M = R". In particular,
rank R" :=r.

The zero module is by convention free. Being free is a rather strong requirement as the next result should
suggest.

Lemma 2.21. Let R be a ring. An non-zero ideal 0 # I C R is free as an R-module if and only if I is a
principal ideal generated by a mon-zero-divisor.

Proof. “=" Let ¢ : R — I be the isomorphism which makes I a free R-module. If n = 1, then [ is principal
generated by ¢(1). If ¢(1) were a zero divisor, there would exist r # 0 in R such that 7 - (1) = ¢(r) =0, a
contradiction to the bijectivity of ¢. If n > 1 denote by f; := ¢(e;). As ¢ is injective, f; # 0 for all ¢, so in
particular we have the element = (f2, —f1,0,...,0) = fa-e1 — f1 - e2 # 0 of R™ with

o(x) = fofi — fifo =0,

a contradiction to the injectivity of .

“<” If I = (a) is principal, then ¢ : R — I, given by ¢(r) := ra is surjective (always) and injective because a
is a non-zero-divisor. O

Proposition 2.22. An R-module M is finitely generated if and only if M is isomorphic to some quotient of
R™ for some n € N.

Proof. “="If M = (z1,...,2,) then the map ¢ : R — M defined by ¢(a1,...,a,) = a1x1 + -+ + apzy, is
R-linear and surjective, so M = R"™/ker(p).

“<” Composing the canonical projection R — R™/N and the isomorphism R"/N — M, we get a surjective
map ¢ : R — M, so M = (¢(e1),...,¥(en)). O
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Remark 2.23. If V is a finite dimensional vector space and W C V a subspace, then dim(W) < dim(V),
with equality if and only if W = V. Modules in general do not behave this way, and this is not only because
dimension is not defined, but it may happen that a submodule of a finitely generated module is no longer finitely
generated: Take R={f=ap+a1x+ -+ a,z" €Qz] : VneNwithay€Z}and I={f € R : f(0) =0}
(i.e. the constant term is zero). (Exercise: I is not a finitely generated R-module.)

2.6 The Cayley-Hamilton Theorem and the Nakayama Lemma

Recall from linear algebra, that for any commutative ring with identity, and for any n X n-matrix A € Mat,,(R)
we can define the determinant det(A), and the adjugate adj(A) (or classical adjoint), which is defined as

adj(A) = ((—1)%‘“’ det(AW)))

=1,
where AU is the submatrix of A obtained by deleting the jth row and the ith column. We have that
adj(A) - A = det(A) - I,. (2.1)

For the next result, we will be particularly interested in matrices with entries in the polynomial ring R[t]. The
determinant is thus a polynomial in one variable ¢, which we will evaluate at some endomorphism* ¢ of some
finitely generated R-module M. For any matrix A € Mat,, (R), the characteristic polynomial of A is

xa(t) =det(tl, — A) € R[t].

While not every matrix defines an R-linear map, associating a matrix to a map which we know is R-linear is
possible and enough to obtain a general Cayley-Hamilton Theorem for finitely generated R-modules, even if the
association is not unique.

Theorem 2.24 (Cayley-Hamilton). Let M = (x1,...,x,) be finitely generated R-module and ¢ € Endg(M).
If A € Mat,(R) is a matriz such that p(x;) = Z?Zl aijxj for alli=1,...,n, then xa(¢) =0 € Endr(M).

Proof. We are going to consider the matrix B = tI,, — A € Mat,(R[t]). Using ¢ € Endg(M), we can regard
M as an R[t]-module, by setting t -z := ¢(z), ¥ © € M. So also M" is an R[z]-module, and if we denote by
x = (z1,... 7mn)T € M™ the column vector with entries the generators of M, we have

B-x=0.
If we multiply the relation above with adj(B) on the left, we get
(adj(B) - B) - x = (det(B) - I,,)x = 0.

Thus det(B)-2; =0, Vi=1,...,n, and this means det(B)-M = 0. As det(B) = xa(t) € R]t], the last equality
is equivalent to x () = 0. O

Corollary 2.25. Let M = (x1,...,x,) be a finitely generated R-module and I an ideal of R.

(a) If ¢ is an R-module endomorphism of M such that o(M) C IM, then there exist ag,...,an—1 € I such
that
@+ an 19" -+ ag = 0.

(b) If IM = M, then there exists x =1 mod I such that xM = 0.

Proof. (a) If M = (x1,...,x,), then y € IM is equivalent to y = >, a;x; with a; € I. This means that the
matrix in Theorem 2.24 can be chosen with entries in I, and we are done.

4The evaulation map ev,, : R[t] — Endg(M) is the unique ring homomoprhism with ¢ — ¢
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(b) Just apply point (a) to the identity of M and choose t =1+ ag+ -+ ap—_1.
O

Finite generation is used above to define the matrix. The next example shows that without it, the result may
not hold.

Example 2.26. Consider the Z-module Q and I = (2). We have (2)Q = Q, but for any odd number v = 1 mod 2
we have uQ = Q.

There are some stronger conditions however which make the Nakayama Lemma hold even without finite gener-
ation (for example when I is nilpotent or in the graded setting).

Lemma 2.27 (Nakayama - version 1). Let M be a finitely generated R-module and I C Jr and ideal contained
in the Jacobson radical of R. If IM = M, then M = 0.

Proof. By Corollary 2.25 part (b) there exists « = 1 modI, so x = 1 mod Jg, such that M = 0. By
Proposition 1.31 we have that x is invertible, so M = 2z~ }(zM) = 0. O

Proof. (alternative) Suppose M # 0. Then it has a nonempty minimal finite set of generators: {x1,...,2,}.
Since M = IM, for each of them, so in particular for x,, we have x,, = a1x1 + - -+ + apx,. This implies

(I—ap)zn =121+ -+ An-1Tn_1

As a,, € Jr, by Proposition 1.31 1 —a,, is invertible, so z,, € (x1,...,2,_1), a contradiction to minimality. (For
n=1we get z; = 0). O

Corollary 2.28 (Nakayama - version 2). Let M be a finitely generated R-module and I C Jr an ideal contained
in the Jacobson radical of R, and N C M a submodule of M. If IM + N = M, then M = N.

Proof. Because N C M, we may consider the quotient module M/n. We show first a bit more than we need,
namely that: TM + N = M if and only if I(M/n) = M/N. The left-to-right-inclusion holds in both equalities,
because N C M. So we just need to check the equivalence between the right-to-left-inclusions. Let m € M and
[m]n denote the residue class modulo N. We have

meIM+N & m= arxg)+n, with ap€l,zp€ M,ne N
& [mly = [ arzi]y
& [mly =2 aklzi]n
< [m]n € I(M/N).

Since M is finitely generated, so is M/n. From IM + N = M we get [ - M/N = M/N, and, because I C Jg, we
conclude by Lemma 2.27 that M /N = 0. This implies M = N.

O

Proposition 2.29 (Nakayama - version 3). Let M be a finitely generated R-module, let I C Jgr be an ideal
contained in the Jacobson radical of R, and letp : M — M/IM be the canonical projection. If p(x1),...,p(xy,)
generate the R-module M/IM, then x1,...,x, generate M.

Proof. Let N = (z1,...,z,) € M. Composing the canonical injection and the canonical projection:
N —>M—" M/IM
we obtain a homomorphism of R-modules which maps the generators of N onto the generators of M/IM, and

is thus surjective. This means, for every = € M, there exists y € N such that xt —y € IM,sox € N +IM. As
the other inclusion is always true, we get M = N + IM. Because I C Jr we conclude by Corollary 2.28. [
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Here is one rather practical consequence of the Nakayama Lemma. It shows one friendly aspect of finite
dimensional vector spaces which still works for finitely generated modules.

Proposition 2.30. Let M be a finitely generated R-module. If an endomorphism of M is surjective, then it is
an isomorphism.

Proof. Use the endomorphism ¢ to define an R[t]-module structure, with ¢ acting as ¢. Then take I = (t), so
we have M = IM as R[t]-modules. Then there exists an element z = 1 — ¢f(¢) such that zM = 0. Then !
will correspond to f(t). O

Corollary 2.31. If {z1,...,2,} are generators of the free module R"™, then they are a basis.

For endomorphisms of finite dimensional vector spaces we have injective < surjective < bijective. For finitely
generated modules Proposition 2.30 is the best we can get: Z — Z with z — 2z is Z-linear and injective but
not bijective.

An important application of the Nakayama Lemma is the connection in brings with vector spaces in the local
setting. For a local ring (R, m), denote by I = R/m the residue field. As m annihilates M/mM, we have that
M/mM is a R/m-module, that is a K-vector space. In particular, if M is a finitely generated (R, m)-module,
then M/mM is a finite dimensional K-vector space.

Proposition 2.32 (Nakayama for Local Rings). Let (R, m) be a local ring with residue field K = R/m, and let
p: M — M/mM be the canonical projection. Then {p(z1),...,p(xn)} is a basis of the K-vector space M /mM
if and only if {x1,...,x,} is a minimal set of generators for M.

Proof. If x1,...,x, are generators of M then clearly p(x1),...,p(x,) are generators of M/mM as an R-module,
and, because scalars from m multiply everything to zero in M/mM, they are K-vs generators as well. In
particular, if z1, ..., z, are not minimal, then neither are p(z1), ..., p(z,). This gives us “<” and the minimality
in “=". The rest follows from Proposition 2.29, which we may use because R is local so m = Jg. O]

2.6.1 Applications of Nakayama

Reading chronologically, one may not yet have all the definitions needed for the following statements. They
may be repeated later in this text.

Proposition 2.33. If (R,m) is a Noetherian local ring and if m" Tt =m™, then m™ = 0.
If R is an Noetherian integral domain and p C R is a prime ideal, then all the powers p™ with n > 1} are
distinct.

Proof. The first statement is immediate consequence of the first version of Nakayama, with I = m and M = m".

For the second statement, since R is a domain, all localization morphisms R — R, are injective. If p = p"
for some m > n, then given the inclusions p™ C --- C p", we also obtain that p?*! = p™. We may then localize
at p and apply the first part to get p” = 0. This is a contradiction, because R is a domain. O

Proposition 2.34. If (R,m) is a Noetherian local ring then [, cym" = 0.
If R is a Noetherian integral domain and p C R is a prime ideal, then (), oy p" = 0.

Proof. Write J = (1, .y m” and consider a primary decomposition of mJ = (Q;. We will show that J = m.J,
for which it is enough to show that J C Q; for all i. Let x € J\ Q;. If \/Q; # m, then there exists y € m\ v/Q;.
Then zy € mJ C Q;, but z ¢ Q; and y ¢ /Q;, which contradicts @Q; being primary. If v/Q; = m, then
J Cm" C @Q; for some n. In both cases we have shown J C Q);.

For the second part, it is enough to localize just as in the previous proof. O

Proposition 2.35. A finitely generated projective module P over a local ring (R, m) is free.
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Proof. We can write P @ Q = R" for some F' and n. We then have
P/mb ® Q/mq = (F/m)"

as K-vector spaces, with = R/m. We can choose K-bases Z7,...,Z, and 71,...,7s for P/mE and @/mQ
respectively. This means r + s = n. By the third version of Nakayama we have that z1,...,z, and y1,...,¥ys
generate F and F' as R-modules. We will show that these are also R-bases.

We can write each z; and y; as a column vector from R"™ and obtain an n x n matrix. Reducing this matrix
modulo mR™ these column vectors form a basis, hence the determinant is a unit in R. This means the n x n
matrix is invertible over R, which means that the vectors z;, y; are linearly independent. O

2.7 Exact Sequences

2.7.1 Some preliminaries
Recall, for an arbitrary category C, a homomorphism f is an epimorphism if
giof=g20f=g1=g2 VYg1,g2 homomorphisms,
and it is a monomorphism if
fogi=fogo= g1 =gz, Vg1,92 homomorphisms.

Epimorphisms and monomorphisms are categorical versions of surjection and injection. In any basic course you
have (probably) seen that, in Set, being surjective is equivalent to being an epimporphism, and being injective
is equivalent to being a monomorphism. This does not hold for arbitrary categories whose objects are structured
and whose homomorphisms respect the structure.

Fix a ring R. In the category of R-modules epimorphisms and monomorphisms are equivalent to surjective
R-linear maps, respectively injective R-linear maps (Exercise®).

Before we move on to exact sequences, we state one further consequence of the Universal Property of Quotient
Modules (Theorem 2.10) which will turn out useful. From a formal point of view, it is often useful to think of
the Cokernel not as given by equivalence classes, but as a module C' together with an epimorphism 7 : N — C,
such that w o f = 0, and which satisfies the following universal property.

Corollary 2.36 (The Universal Property of Cokernels). Let f : M — N be an R-module homomorphism, and
m: N — Coker(f) = N/Im(f) the canonical projection. For every R-module P and every map g : N — P,
with the property that go f =0 (i.e. Im(f) C Ker(g)), there exists a unique map 7 : Coker(f) — P such that
g=Tmom, i.e. such that the following diagram commutes.

M-ty N Coker(f)

Furthermore, this property uniquely determines the Cokernel of f.

Proof. This is an extra problem on Sheet 6. It is recommended you try to prove it on your own first.

2.10

5Hint: use the forgetful functor in one direction, and the cokernel, respectively the kernel for the other
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2.7.2 Exact sequences
A sequence of R-modules and R-linear maps

o fie M, fi1 M; fi M4 fivr, (2.2)

is exact at M; (or in position 7) if Im(f;—1) = Ker(f;). The whole sequence is exact if it exact at every M;.
Remark 2.37. For any R-modules M, N, P we have

(a) 0 —— M, LN My is exact <= f1 is injective.

(b) M, L M; —— 0 is exact <= f is surjective.

(¢) O M, i M, L M; is exact <= M is canonically isomorphic to ker(f3) (i.e., the iso-
morphism is induced by f;.) This is because the injectivity of f; is equivalent to f; inducing an isomorph-
ism M; 2 Im(f;), and exactness at Mo is equivalent to Im(f1) = Ker(f2).

(d) M i My E M3 0 is exact <= Mj is canonically isomorphic to Coker(f1) (i.e., the

isomorphism is induced by f2.) This is because: the surjectivity of f2 is equivalent to M3z = Im(f2), by
the First Isomorphism Theorem 2.11 we have Im(f3) & Ms/Ker(f3), and exactness at M is equivalent
to MQ/KGI‘(fQ) = MQ/IHl(fl)

(e) 0 M, il Mo L M; 0 is exact <= f; is injective, fo is surjective, and fo and f;
induce a isomorphisms Coker(f) & M3 and Ker(f2) = M.

An exact sequence as in Remark 2.37(e) is called a short exact sequence. Any long exact sequence (2.2) can
be split into short exact sequences. We have Ker(f;) = Im(f;—1) € M;, and we can build.

0 — Ker(f;) —— M; —2 Im(f;) —— 0
So all these fit together as
0 \ / 0
ker(fi—1) Im(f;)

\‘ fia / fi
M;_y M, o (2.3)
\ /
0

fi—2

Im(f;—1) = Ker(f;)

T~
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Proposition 2.38. (a) Let My, Ma, M3 be R-modules and consider the sequence

f1 f2

M,

M, M, 0. (2.4)

The sequence (2.4) is exact, if and only if, for every R-module N, the sequence (2.5) below is exact:
0 — Homp(Ms, N) —2 Homp(Ms, N) —5 Homp(M;, N) (2.5)

(b) Let N1, No, N3 be R-modules and consider the sequence

f1 f2

0 Ny Ny

N; . (2.6)
The sequence (2.4) is exact, if and only if, for every R-module M, the sequence (2.5) below is exact:

0 —— Homp(M, N;) 2 Homp(M, Nz) —=5 Homp (M, N3) (2.7)

Proof. (a) One can check exactness step by step, and in both directions. But it is more elegant to combine

Remark 2.37 and the Universal Property of Cokernels. Then we get the following equivalent statements

e (2.4) is exact.
e f5 induces an isomorphism M3 = Coker(f1).
o YV N and V yg : My — N with @9 o f1 = 0, there exists a unique @, : M3 — N with

Profa=¢.

e V N and V p2 € Homp (M, N) with f{(p2) = 0, there exists a unique p, € Hompg(Ms, N) with
f2(@2) = .

e f5 induces an isomorphism Homp (M3, N) = Ker(f;).

e (2.5) is exact.

(b) Works analogously.

Lemma 2.39 (Snake Lemma). Fvery commutative diagram of R-modules with exact rows of the form

M, f1 M, f2 Ms 0
l’Y 1 l‘y 2 l’y 3
0 N1 g1 ]\/v2 92 NS

yields an exact sequence of kernels and cokernels of the vertical maps, which fit together as follows:

00— Ker(y1) LN Ker(2) LN Ker(~s) U

0 ;

0 M, N M, iE M 0
Y1 Y2 RE]
0 Ny I N, & N 0

- Coker(1) L Coker(y2) L Coker(ys) — 0

Furthermore, if f1 is injective, then so is the restriction to Ker(y1) and if go is surjective, then so is g,.
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Proof. We only show how § is defined. Let z € Ker(vs), so y3(x) = 0. We are looking for an element in
Coker(7y1). Because f> is surjective, there exists an xy € My such that fo(xzs) = x. By the commutativity of
the diagram we have gs 0 79 = v3 0 fo, 50 ga(72(x2)) = 13(f2(z2)) = v3(x) = 0. So Y2(x2) € Ker(g2) = Im(gy),
where the last equality is given by the exactness in the second row. So there exists an y; € Nj such that
9(y1) = y2(x2). We define

5(z) == m1(y1)

where m; : Ny — Coker(v;) is the canonical projection. The verification that ¢ is well-defined, that the
sequence

Ker(y1) LN Ker(v2) BELEN Ker(v1) N Coker (1) BN Coker (1) BREEN Ker(v1)

is exact, the injectivity on the left when f; is injective and the surjectivity on the right when g5 is surjective
are left as an exercise. O

We discuss now briefly one important application of exact sequences. Let C be a class of R-modules, and let A
be a function on C with values in Z. For instance, if R = K, consider the class C of finite dimensional K-vector
spaces, and A to be the function which gives the dimension: A(V) := dimg(V).

Definition 2.40. We say that X is an additive function if for every short exact sequence 0 — M; — My — M3 — 0
with M; in C, we have A\(M7) — A(Ms) + A(M3) = 0.

In the case of finite dimensional K-vector spaces, the additivity of dimension was one of the key theorems of
Linear Algebra. The next proposition shows that additivity extends to arbitrary long exact sequences.
Proposition 2.41. Let C be a class of R-modules and \ an additive function on C. For every eract sequence

0 My fo M, h, I M, 0 of R-modules from C, in which all kernels also belong to C
we have

> (1) A(M;) = 0.

i=0
Proof. Split the long exact sequence as in (2.3), to obtain the short exact sequences
0— KBT(fi) = Im(fz_l) — Mz — Im(fz) = Ker(fi_H) — 0
We now apply the additivity of A to each short exact sequence to obtain

A(Ker(fo)) = M(Mo) + A(Im(fo) = 0

A(Ker(f,)) = A(Mo) + MIm(f,) = 0.

Taking an alternating sum, using Ker(fy) = 0 and Im(f,,) = 0, and that A(0) = 0 (which is a consequence of
additivity) we obtain the desired equality. O

2.8 The Tensor Product of Modules

Let My, M5, N be three R-modules. A map ¢ : M; X My — N is said to be a R-bilinear map if it is linear
in each of the arguments, that is if

o(rey + sy, x2) = re(xr,x2) + se(yr, x2)
oz, uze +vy2) = wp(zr,x2) + vo(T1,Y2)
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for all 7, s,u,v € R, und z;,y; € M;. Notice that ¢ : M; x My — N is not an R-module homomorphism,
but a map between sets with extra properties.

The goal of this section is to construct an R-module M; ® g M> with the minimal number of relations to define a
canonical bilinear map M; x My — M7 ® g Mo, such that every bilininear map from M x Ms factors canonically
through an R-module homomorphism defined on M; ® g M5. In other words, for every R-module IV, there will
be a one-to-one correspondence between R-bilinear maps M; x My — N and R-module homomorphisms
My ®r My — N. To this aim, we first prove a proposition, which at the same time gives a construction of the
tensor product.

Proposition 2.42. Let My, My be two R-modules. There exists a pair (T, g), where T is an R-module and g
is an R-bilinear map g : My X Mo — T, with the following property:

For any R-module N and any R-bilinear map f : My x My — N, there exists a unique R-module homomorphism
f':T — N such that f = f' o g, i.e. such that the following diagram commutes:

M1><M2—>T

Furthermore, if (T,g) and (T',g’) both satisfy the above property, then there exists a unique isomorphism
j: T — T such that jog=4g'.

Proof. Existence: Let C denote the free R-module R®(M1xM2): that is C' has a basis {€@r,20) 1 (w1,22) €
M x Ms} indexed by all the elements of M; x My. Every element of ¢ € C' is thus a finite linear combination

of the form B

c= Zrie(li17wi2)7 with r; € R, and Ti; € Mj.
i=1
Let D be the R-submodule of C' generated by all elements of the form

C(z14y1,x2) ~ E(z1,22) — E(y1,22)
E(z1,za+y2) — C(z1,m2) — E(w1,y2)
C€(rzy,xa) — T€(xy,22)
C(z1,rw2) — TE(z1,22)
where z;,y; € M; and r € R. We define T := C/D and denote by x1 ® 22 := 7(€(4, 2,)), Where 7 : C — C/D

is the canonical projection. This means that {x; ® x2 : x; € M;} is a generating set of T, and by construction
we have

(z14+y1)@(x2+y2) = 21 QT2+ Quya+y1 Qa2 +Y1 QYo
(rz1) ® (sx2) (rs) - (1 ® x2).

This implies, that the map g : My x My — T defined by g(z1,z2) := 21 ® x2 is R-bilinear.

If N is an R-module, then any map f : M; x My — N extends by linearity to an R-linear map f : C — P,
by sending €y, ,) — f(21,22). This means that if f is R-bilinear, then f(D) = 0. By the universal property
of the quotient module there exists an R-linear map f’ : T'= C/D — N such that f/'(z1 ® x2) = f(z1,z2),
that is such that the following diagram commutes:

C —~->T=C/D
D CKer(f) = ”
3 Sllj
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Uniqueness: If (T, g) and (1", ¢') are two pairs we get the following diagram:

My x My 2T Didr
L
g/
T D

id?,
The uniqueness of the red maps, implies that j' and j are the isomorphisms we are looking for. O
Analogously, for any positive integer n € Ny and any n R-modules M, ..., M, one may define R-multilinear

maps from My x --- x M,, — N, for any R-module N, and prove an analogue of Proposition 2.42 (cf. [AM69,
Proposition 2.12*]).

Definition 2.43. Let My, My be two R-modules. The unique R-module T' from Proposition 2.42 is called the
tensor product of the R-modules M7 and Ms, and is denoted by M; @z M.

Let n € Nyg and M, ..., M, be R-modules. The unique module T from analogue of Proposition2.42, [AM69,
Proposition 2.12*], is the tensor product of the R-modules My, ..., M, and is denoted by My ®p - @r M,

Notice that we used as a definition for the tensor product its universal property, and not the explicit construction
given in the proof of Proposition 2.42.

Remark 2.44. (a) If there is no ambiguity about R, or if R is not relevant in the discussion, then we write
simply My ® My for My ®p M.

(b) The elements of M; ® Ms are not only of the form x; ® xo. Every element of M; ® M may be expressed
(usually in many ways as) a finite sum Y 21 ,; ® z2,;. Furthermore, it is generally not trivial to decide if
two different sums 21, ® z;, and ) ) ; ® ¥, ; are equal. Another consequence is that, if {zy i}iez,
generate My, then {z1; ® 2, : (i,j) € Iy x Iy} generate My @ M,. Thus, if M; and Mo are finitely
generated, then so is M ® Ms.

(¢) 0@z =0€ M; ® M.

(d) The notation x; ® x2 is very ambiguous unless the tensor product to which it belongs is specified. For
instance 2® (1] =2- (1®[1]2) =1® [2]s =0 € Z®z Z/2Z, but 2® [1]z # 0 in 2Z ®gz Z/2Z.

Lemma 2.45. Let z;; € M;, with j=1,2 andi=1,...,n, such that > | x1,; @ x2,; =0 € My ® M. Then,
there exist finitely generated submodules M]’ C M; such that > x1; ® x9,; =0 € M{ @ Mj.

Proof. It Y | 1, ®@xa,; = 0 € My ® M, then, using the notation from the proof or Proposition 2.42, we have
Dy €(a1.1,20,,) € D. In particular, Dy €(21 1,20.,) 18 @ finite sum of generators of D. For j = 1,2, take M; to
be the submodule generated by the x;; and by the finitely many elements which appear as in the jth coordinate
in these generators of D. This means, that > ., z1; ® x2; =0 € M| @ Mj. O

The most important aspect about the tensor product is not its construction, but its defining universal property,
as well as the rules for handling the 21 ® x2. The following can also be seen as standard properties of the tensor
product, and are given by so-called canonical isomorphisms.

Proposition 2.46. Let My, My, M3, M be R-modules. There exist unique isomorphisms:

(a) My ® My — Ms ® My such that
T1 QT Tog @ x1.

(b) (M1 (24 MQ) ® M3 — M; ® (M2 ® Mg) — M7 ® My ® M3 such that

(11 @ x2) @xz > 71 @ (T2 ® T3) — 71 @ T3 ® T3.
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(¢) R®r M — M such that
r®rT—Tre.

(d) (M, & Mz) ® Mg — (M1 &® M3) O (My® Mg,) such that

(1'1,1'2) X T3 —r (CL’l ®£C37£L'2 X 1'3).

(e) In general, for any family (M;);ez of R-modules and any R-module M, we have

Mo (P M) =P e M),

i€l =
but this does not hold in general for arbitrary direct products.

Proof. The trick in all cases is to define a bilinear map, and then use the UP from Proposition 2.42 to construct
the isomorphism. We will show here only how the isomorphism f : (M; ® Ms) @ Mz — M; @ My ® Ms,
with f((z1 ® x2) ® x3) = 21 ® 22 ® x3 is constructed. For this, fix first 3 € Mjs, and define the map

' My x My — My ® My ® Ms by sending (21, x2) — 1 ® 2 @ x3. This is clearly bilinear, so it induces

s
thzzrefore a unique homomorphism of R-modules f3 : My ® My — M; ® My ® Ms. Now consider the map
f (M@ My) x My — My ® My ® M3 given by (y,z3) — fz,(y), where y € My ® M,. This is again bilinear,
and induces the desired R-module homomorphism f. To construct the inverse of f, one can start directly with
the multilinear map ¢’ : My x My x M3 — (M ® My) @ M3 with ¢'(z1, 22, z3) = (21 ® 2) ® 3, which induces
the inverse of f. O

An immediate consequence of the above isomorphisms is that for any free R-module R®Z we have
R®T @p M = ML,

Remark 2.47. If R, S are two rings, an (R,5)-bimodule M is simultaneously an R-module and an S-module,
in such a way that the two scalar multiplications are compatible®: r(zs) = (rz)s, for allr € R, z € M, s € S.

Let M; be an R-module, M5 be an (R, S)-bimodule, and M3 be an S-module. Then M; ® g M> has a natural
structure of S-module, by setting (r1 ® z2)s := 1 ® xas. Similarly, My ®¢ M3 is an R-module. We have

(M, ®r M2) ®s M3 = M; Qg (Me ®g Mg).

2.8.1 Restriction and Extension of Scalars

Throughout this subsection, fix a ring-homomorphism f: R — S.

An S-module N has a natural structure of R-modules defined by
ry:= f(r)y, Vr € R,y € N.

This R-module N is said to be obtained from the S-module N by restriction of scalars (via f). In particular,
S is an R-module via f.

Proposition 2.48. With the above assumptions, if N is a finitely generated S-module and S is a finitely
generated R-module, then the R-module N obtained by restriction of scalars is finitely generated.

Proof. If Spang(y1,...,yn) = N, and Spang(z1,...,2m) =5, then Spang(z;y; : i=1,...,m j=1,...,n)=
N. O

6Note that we may not have a way to multiply elements from R and from S.
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Let M be an R-module. Since S is also an R-module, we can define the R-module
Mg :=S®gr M.
Furthermore, we can define an S-module structure on Mg by setting:
s(sf @x):=ss ®@x, Vs, €S xel
The S-module Mg is said to be obtained from the R-module M by extension of scalars (via f).
Proposition 2.49. If M is a finitely generated R-module, then Mg is a finitely generated S-module.

Proof. If Spang(z1,...,%,) = M, then Spang(1 ® z1,...,1 ® x,,,) = Mp. O

2.8.2 The Tensor Product as a Functor

Let My, Ms, N1, N3 be R-modules, and f; : M; — N; be R-linear maps. Define f : My x Ms — N; ® N> by

f(z1,22) = fi(x1) ® fa(x2).

Clearly f is R-bilinear, so we obtain an R-linear map f; ® fo : M1 ® My — N1 ® N», given by

(1 ® f2)(x1 @ @2) = fi1(21) ® fo(wa), Va; € M;.

If g; : N; — P;, for i = 1,2, are two more R-linear maps, then

(g10f1) ® (920 f2) = (91 ® g2) © (1 ® fa).

It is enough to verify what happens with elements of the form (z1 ® x2) € M1 ® Ms, which generate M; @ Mo,
and this is an easy check. So, for any R-module N, we have that — ® g N defines a functor from the category
of R-modules to itself. We will now see that this functor is left-adjoint to the functor Hompg(N, —):

The module M; ® g M> was constructed so that, for any R-module N, there is a one-to-one correspondence
between
Homp(M; ®g M2, N) <> B:={f : M1 x My — N | R — bilinear}.

On the other hand, for any f : M; x My — N, and any x; € M, the map f(z1,e) : My — N, with
9 +— f(x1,x2) is R-linear, ie. f(x1,e) € Hompr(Ma, N). So, since f is linear in z7, and Homp(Ma, N)
is an R-module, we have that f defines an element from Homp (M;, Homp(Mz, N)). Conversely, for every
¢ € Homp (M;,Hompg(Ms, N)), we can define an R-bilinear map

(21, 22) = (p(21))(22),
which gives one-to-one correspondence. We have thus a canonical isomoprhism
Hompg(M; ® My, N) 2 Homp (M7, Homg (M3, N)). (2.8)
The next proposition will show that the functor — ® g IV is right exact.

Proposition 2.50. Let M, ELN My ELN M3 — 0 be an exact sequence of R-modules, and N be any R-module.
Then, the following sequence is also exact:

Mo N2 AL o N 2O v o N — 5 0
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Proof. Since My EiN M, EEN M3 — 0 is exact, by Proposition 2.38 we have that, for any R-module P, the
sequence

0 —— Homp(Ms, Homp (N, P)) —22 Homp(Ms, Homg(N, P)) —~ Homp(M;, Homg(N, P))
is also exact. By (2.8) we get that the exact sequence

0 —— Homgp(Ms @ N, P) 22% Homp(Ms @ N, P) "% Homp (M, ® N, P)

is exact, which, again by Proposition 2.38, is equivalent to our claim. O

In general, the functor — ® g N is not exact. That is, if M, g M, £> Ms is exact, it does not imply in
general that M; @ N Ji&idn, My N ELLUIIA M3 ® N is exact. Here is a counterexample.

Example 2.51. Let R=Z and 0 — Z “% 7 be the exact sequence given by the multiplication with 2. If
we tensor with N = Z/27Z, then we obtain 0 — Z/2Z % Z/27 which is no longer exact.

2.8.3 Flat Modules

An R-module N is flat if the functor — ® g N is exact, that is if for any exact sequence of R-modules

fi—a fi fita

= My — M; — M, — , the sequence

L ®id L @id 1 ®id
. M;_ ®p N fi—1®idn M, ®5 N fi®idy M ®N fi+1®idn

is also exact.

Proposition 2.52. Let R be a ring and N an R-module. The following are equivalent.
(a) N is flat.
(b) Every short exact sequence of R-modules stays exact after tensoring with N.

(¢) If for every injective homomorphism of R modules f : My — My, the homomorphism fQidy : M1QN —
My ® N 1is also injective.

(d) If for every injective homomorphism between finitely generated R modules f : My — Ms, the homo-
morphism f ®@idy : M1 ® N — Ms ® N is also injective.

Proof. (a)<(b) follows from splitting long exact sequences into short ones 2.3.
(b)<(c) follows from Proposition 2.50.
(¢)=(d) is trivial.

(d)=(c) follows from Lemma 2.45: Let u = > 2, ®y; € M; ® N with (f ® idy)(u) = 0, which means
Yo flz) ®y; =0€ My ®N. Define M7 := (z1,...,2,) and define M} as the finitely generated R-module of
M, constructed in the proof of Lemma 2.45 such that Y1, f(z;) ®y; = 0 € M} ® N. Notice that M} contains
f(M7), and that the restriction of f is still injective: f’: M{ — M. So we have f’ ® idy(u) = 0, which by
(d) implies that u=0€ M{ @ N sou=0€ M; ® N. O

Remark 2.53. If f: R — S is a ring homomorphism and N is a flat R-module, then Ng =S ®p N is a flat
S-module. Indeed, let f : My — M5 be an injective homomorphisms of S-modules. Then

f®idyg N : My ®s (S @r N) — Mz ®g (S®g N)
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which is equivalent by Remark 2.47 to
f®ids®@idy : (M1 ®s S) @p N — (M2 ®5 S) @p N
and by Proposition 2.46 part (c¢) to
f®idyN: M ®r N — My ®g N.

2.8.4 Tensor Product of Algebras

An R-algebra R —2 58 s automatically an R-module with r-s:= ¢(r)-s. One could say, that an R-algebra
is an R-module which has a ring structure compatible with the R-module structure. In particular, if R =K is a
field, then any ¢ : K — .S must be injective, so a K is isomorphic to a subring of S. Furthermore, just as every
Abelian group is a Z-module, every ring (commutative with 1) is a Z-algebra. Any R-algebra homomorphism
(cf. (1.2)) is a ring homomorphism which is also an R-linear map.

Definition 2.54. Let ¢ : R — S be a ring homomorphism. The homomorphism ¢ and the R-algebra S are
both called finite if S is a finitely generated R-module (via the structure given by ¢).

The homomorphism ¢ is of finite type and S is a finitely generated R-algebra if there exists a finite set
{51,...,8n} € S such that every element of S can be written as the evaluation at (sy,...,s,) of a polynomial
in n variables with coefficients” in ¢(R); equivalently, if there exists a surjective R-algebra homomorphism
Rlxy,...,zp) — S.

We say that R is a finitely generated ring if it is a finitely generated Z-algebra.

Let R -2+ 8 and R —25 S be two R-algebras. The tensor product of the R-modules T' = S; ®r Ss
also has an R-algebra structure given by

(51 ® 82)(s51 ® s53) = (5151) ® (5283). (2.9)

One still needs to check that this can be extended linearly to T and that is it gives an R-bilinear map p :
T x T — T. To check this, consider the map from S; x Sy x S7 x S5 to T given by

(51,52, 1, 85) = (s157) @ (s255).

This is easy to check to be R-multilinear, so, by the UP of the tensor product we get an R-linear map from
S1® 852 ®S51 ® S5 to T. Using the “associativity” of the tensor product, we get an R-linear map T ® T — T,
which corresponds exactly to the map 7" x T' — T given in (2.9). So we can say that

(Z(Sw X 521’)) Z(Sllj & S/gj) = Z(Slis/lj> & (szislgj)~

4 7 ij

It is an easy check to see that this turns T'= S ®g So into a ring, with identity 1 ® 1. Furthermore, S; ®g S
we have the following commutative diagram

S1
y’ \1)
R

S1 ®r S
XQ} %
Sa

where u1(s1) := 51 ® 1 and ua(s2) := 1 ® s9.

“while (R) is not a ring, we may still consider only polynomials with coefficients in ((R).
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Chapter 3

Rings and Modules of Fractions

The motivation behind the notions introduced in this chapter is geometric. The methods we will develop shape
up to one of the most powerful tools in commutative algebra: localization. The idea was to find a way to look
at arbitrarily small Zariski-neighborhoods of a point p on an algebraic set X. Such neighborhoods are obtained
by removing from X large algebraic sets Y which do not contain p. The largest such sets are given thus by a
polynomial f not vanishing at p, and in order to give these sets an algebraic structure one has to invert f. You
are strongly encouraged to read the introduction to Chapter 2 in Eisenbud’s book [?][p.57-59] for more on the
history and the motivation.

3.1 Definitions and First Properties

What we will practically do is generalize the definition of fractions to arbitrary rings and modules, using as a
prototype the construction of the field of rational numbers starting from the integers. Rational numbers can
a C

be interpreted as equivalence classes of pairs of integers (a,b) € Z x (Z\ 0). So (a,b) = (c,d) <= ¢ =5 <=
ad — be = 0. Transitivity in this case is proven as follows: If (a,b) = (¢,d) and (c,d) = (e, f), then

ad—bc = 0
cf—de = 0.
Multiplying the first equation with f and the scond with b and subtracting, we get adf — bde = d(af — be) = 0,

which implies af — be = 0 because d is a nonzero divisor. In particular, we cannot extend this definition ad
literam if the ring is not an integral domain. The way to overcome this is the following.

Definition 3.1. Let R be a ring. A multiplicatively closed set is a subset U C R closed under taking
products, including empty products. That is U has to satisfy:

i.1eU

ii. for all z,y € U we have xy € U.

These will be the sets of denominators. Notice that, contrary to what you learned in school, we do not prohibit
0 € U. The point is, that if 0 € U we get the zero ring, which is allowed (but while not very useful to do). The
properties of multiplicatively closed sets will be needed to provide a ring structure on the fractions, as well as
to prove transitivity of the following binary relation.

Definition 3.2. Let R be a ring and U C R a multiplicatively closed set. Define the binary relation = on
R x U as follows:
(a,s) = (b,t) <= Fu € U such that u(at — bs) = 0.
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Remark 3.3. The above binary relation is an equivalence relation on R x U. It is obviously reflexive and it is
symmetric because the ring is commutative. To check transitivity, let (a,s) = (b,t) and (b,t) = (¢,v). So there
exist u,w € U such that

u(at —bs) = 0
wlbv —ct) = 0.
Multiplying the first equation with vw and the second with us, then add the two to obtain
uwt(av — cs) =0,
which, because u, w,t € U, so uwt € U, is equivalent to (a, s) = (¢, v).
We will denote the equivalence class of (a,s) with ¢, and we will denote by U ! R the set of equivalence classes.

S

Definition 3.4. The set equivalence classes U~ 'R has a ring structure with the operations:

a b at+bs
sTTT T
a b ab
st st

The check that this definition does not depend on the representatives and the check of the ring axioms are
elementary. The zero will be % and the one will be % Notice that closure under multiplication and 1 € U are
essential for this. The ring U~ 'R is called the ring of fractions of R with respect to U.

Remark 3.5. We have
(a) £ =1 forall seU.
(b) If s,¢ € U then 2 is a unit, with (£)~! = L.

(¢) If f: R — U™'R, then every element in U"'R is of the form f(a)f(s)~! with s € U, thus for every
s €U, f(s) is a unit.

U'R=0< 0€U.
If0¢ U, and if s,t € R\ 0 with s € U and st =0, then t ¢ U.

f %:%foralls,tEU.
(g) If % = 0, then there exists t € U such that at = 0. In particular, if R is a domain and 0 ¢ U, then
%:%:OimpliesazO.

(h) The other way around, if s € U is a zero divisor, then for every ¢ € R with ts = 0 we have + =0€ U™'R.
This is what needs to happen in order to consistently turn all the elements in U into units in U~ 'R.

Remark 3.6. We have a canonical ring homomorphism f : R — U~'R given by f(a) := ¢. Notice that this
is not always injective.

Examples. 1. If R is a domain, then U = R\ {0} is a multiplicatively closed. In this case, U 'R is a field,
called the field of fractions.

2. For f € R, the set U = {f"}nen is a multiplicatively closed set. In this case, we denote the ring of
fractions by R;:=U"'R.

3. For any ideal ] C R, theset 1+ 1 ={1+a : a € I} is a multiplicatively closed set.
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4. Taking U = {nonzero divisors in R} C R is a multiplicatively closed set. In this case, the ring U™ R is
called the total quotient ring or R, and it is the biggest quotient ring of R such that f: R — U 'R
is an injection.

5. For any ideal p C R we have
U := R\ p is multiplicatively closed <= p € Spec(R).

In this case we denote by R,:= U~'R and call this ring the localization of R at p. We use this name
because {< | a € p} is the unique maximal ideal of Ry, so Ry is a local ring : If b ¢ p, then b € U, so % is

a unit.
6. If R = Z and p = (p) then Z, is the ring of all rational numbers 2* with m,n coprime and p does not
divide n.

7. If f € Z is some integer, then Z¢ is the ring of all rational numbers which can be written with denominator
a power of f.

8. Local rings in algebraic geometry.

Proposition 3.7 (The Universal Property of the Ring of Fractions). Let R be a ring, U C R a multiplicatively
closed set, f : R — U 'R the canonical homomorphism. For any ring homomorphism ¢ : R — S such that
o(U) C S*, there exists a unique ring homomorphism ¢' : U"R — S such that ¢’ o f = @, that is such that
the following diagram commutes:

R— 1 s u-R

31
R @
S

Furthermore, this property uniquely determines U~'R, that is if R’ is another ring with g : R — R’ satisfying
g(U) C (R")* and the above universal property, then there exists a unique isomorphism 1 : U1 R — R’ such
that Yo f =g.

Proof. Euistence of ¢': We define ¢'(£) := ¢(a) - ¢(s)~'. This is allowed if and only if ¢(U) C S§*. The
compatibility with the ring structure is immediate, as long as the map is well defined, i.e. independent of the
choice of representative. Let thus ¢ = %/’ Then, there exists t € U such that t(as’ — a’s) = 0. Applying ¢ to
the equation we get

o (1) (p(@)e(s) — w(a)p(s)) =0

which, as o(t) is a unit, implies ¢(a)p(s) ™t = ¢(a’)p(s") L.
Uniqueness of ': For any ring homomorphism ¢’ satisfying ¢ = ¢’ o f, we must have ¢'({) = ¢'(f(a)) = ©(a),

for every a € R. Hence, again because we have a homomorphism, ¢'() = ¢/((£)71) = (¢/(£))7! = ¢(s)7!

whenever s € U. Combining the two, we conclude that any ring homomorphism with the required property
must send ¢ to ¢(a)p(s) " .
Universality of U~ R: Follows exactly as in Proposition 2.42. O

Corollary 3.8. An immediate consequence of the above proposition is the following:
U'R=R < UCR".
We thus have for the canonical homomorphism f : R — U 'R the following properties:
(i) f(U) S (UT'R)*,
(ii) f(a) =0 if and only if there exists s € U with as =0,

(iii) every element of U 'R is of the form f(a)- (f(s))~!.
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These properties uniquely determine the ring of fractions of R with respect to U, as the next statement shows.

Corollary 3.9. If g: R — R’ is another ring homomorphism with
(i) g(U) € (R)*,
(ii) g(a) =0 if and only if there exists s € U with as =0,
(iii) every element of R’ is of the form g(a) - (g(s))7*%,
then there exists a unique isomorphism 1 : U"'R — R’ such that ¥ o f = g.

Proof. The ring homomorphism ¢ is given by the Universal Property 3.7 and thus works as ¢)(%) = g(a)(g(b)) ™"
Surjectivity is given by (iii), and injectivity follows from Remark 3.5) 3.5 and (ii). O

For any multiplicatively closed set U C R we can extend the definition of fractions to any R-module M, by
defining the binary relation = on M x U as

(m, s) = (n,t) <= J u € U such that u(mt — ns) = 0.

Similarly to fractions for rings, we denote the equivalence classes as =*, define addition as

! / !
m m s'm + sm
—t — = ¥Ym,m' € Mands,s' €U
s s’ ss’

and scalar multiplication as

rom rm

- — i =—, VreRme M,s,teU.

t s st
This turns U~'M into an U ! R-module, and thus through f : R — U 'R into an R-module as well. For the
special cases in which U = R\ p, respectively U = { f"},en we write M, respectively M.

3.2 Functoriality

Given an R-module homomorphism ¢ : M — N, and a multiplicatively closed set U we have an U ' R-module
homomorphism

-1
um L Ui

m s @(m)
S S
Obviously U~ tidy = idy-1, and, if we have M —2— N v, P, then U 1 (o) = (U)o (U Ly). So
U~'e defines a covariant functor from R-mod to R-mod for every multiplicatively closed set U.

Proposition 3.10. Let U be a multiplicatively closed set of the ring R. The functor U~ 'e : R—mod — R—mod

is exact, that is, for every exact sequence M, L M,y L Ms |, the sequence

U™ fs
—

v-tv, N gt U~ M;

is also exact.

Proof. We have U 1 fo o U™t fy = U 1(fa0 f1) = U710 = 0, which implies Im(U 1 f;) C Ker(U~! f5).

For Im(U~! f1) 2 Ker(U™! f3), let ™2 € Ker(U~'f;). This means @ =0 € U1 Ms, so there exists t € U
such that ¢ fa(me) = 0 € Ms. This means fo(tmo) = 0, and thus tms € Ker fo = Im f1, so there exists m; € M;
such that fi(m1) = tma. So M2 = Llm) — g=1g (miy ¢ py@U—1). O
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Corollary 3.11. Fractions preserve submodules, sums, finite intersections and quotient modules. That is, for
any multiplicatively closed set U of the ring R, and for any R-submodules N, P of M we have:

(a) U7IN is an U~ R-submodule o U~ M.

b) UY(N+P)=U"'N+U"'P.

() UX(M/N)=2U*M/UIN as U~ R-submodules.
) U

(d) U"NNANP)=U"'NNU"'P.

Proof. The first three points are direct consequences of the definitions and Propostion 3.10.
For (iv), one automatically has C by (i), so let # € UT'NNU 1P, that is there exists n € N, p € P and s,t € U

such that x = % = 2. This implies, there exists u € U such that u(nt — ps) = 0 < unt = ups. Hence we have
unt  ups
o= 2 YN N P).
stu stu
O

3.3 Fractions and the Tensor Product

Proposition 3.12. Let U C R be a multiplicatively closed set and M and R-module. There exists a unique
U~ R-module isomorphism

f:U'Ror M —> UM,
such that f(¢ ®@m) = *", foralla € R,s € Uym e M.

Proof. The map f': U 'R x M — U~*M with (£,m) — %2 is R-bilinear, so it induces an R-linear map f
as in the statement. We have ™ = f(% @ m), so f is surjective. To check injectivity, we first show that every

S
element of U"'R®p M is of the form §®m. Let Z?:l ¢ ®m; be an arbitrary element in U 'R®gr M. Define

s:=[]"_,s; and for every j =1,...,n define ¢; := Hi#j s;. We have

S

n

a; t;a; "1 1 "
J@mzzz Zz®mizzg®tiaim¢:;®2tic¢imi.
1=1 =1

‘ S
1=1

Now assume that f(% ®m) = 0. This means that =* = 0, so there exists ¢t € U such that ¢tm = 0. This allows
us to compute:

1 t 1 1
- dm=—0m=—Qtm=—®0=0.
s st st st
So f is bijective, and thus an R-isomorphism, which also implies an U~! R-isomoprhism. O

Corollary 3.13. For every ring and every multiplicatively closed set U™ R is a flat R-module.

Proof. Combine Proposition 3.12 and Proposition 3.10. O

Corollary 3.14. If M, N are two R-modules, and U is a multiplicatively closed set, then there is a unique
isomorphism of U1 R-modules f:U M ®y-1g U N —== U~Y(M ®r N) such that

f(m®n)_m®n
s t) st

In particular, for every prime ideal p C R we have

M, ®g, Ny = (M ® N),.
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Proof. Using a combination of Proposition 3.12, Remark 2.47, and Proposition 2.46 we obtain:

UM ®@y-1gUT'N = (U'R@rM)®y-1g (UT'R@r N)
(M®rU'R)®y-1g (UT'R®R N)
M®@r (U'R@y-1p (UT'R®R N))
M &g (UT'R®y-1g UT'R) ®p N)
M @r (UT'R®g N)

U'R®r (M g N)

U™ (M®gN).

R IR

1

3.4 Local Properties

A property P of an R-module M is called a local property if
M has P <= M, has P for every prime ideal p € Spec(R).

One can talk about local properties of rings or of homomorphisms. The following results provide some examples
of such properties.

Proposition 3.15. Let M be an R-module. The following are equivalent
(a) M =0.
(b) M, =0, for all p € Spec(R).
(¢) My =0, for all m € MaxSpec(R).

Proof. Clearly (a)= (b)= (c). We prove now (c)= (a):
Assume M # 0, so there exists 0 # x € M. Consider I := Anng(x). Because 1-x # 0, we have I #
exists m € MaxSpec(R) with I € m. Consider the image of  in the localisation at m: £ € My = (R\ m)~'M.

—
—

~—
»
o
—+
=
@
=
o)

a contradiction. O
Proposition 3.16. Let ¢ : M — N be an R-module homomorphism. The following are equivalent.

(a) ¢ : M — N is injective (respectively surjective).

(b) ¢p : My, — N, is injective (respectively surjective) for all p € Spec(R).

(¢) Ym : Mym —> Ny is injective (respectively surjective) for all m € MaxSpec(R).

Proof. (a)=-(b) follows from Proposition 3.10 and Remark 2.37.
(b)=(c) is trivial.
(c)=(a) We show the statement for injectivity. Consider the following exact sequence

0 — Ker(p) — M —25 N

Let m € MaxSpec(R) be any maximal ideal. By Proposition 3.10 we have the following sequence is also exact:

0 —— (Ker(¢))m My -2 N, .
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As ¢y is injective by hypothesis, because the sequence is exact, we must have (Ker(p)), = 0. As this holds for
all m € MaxSpec(R), by Proposition 3.15 we obtain Ker(¢) = 0 so we conclude.

Surjectivity follows analogously by considering the exact sequence M N — Coker(¢) — 0. O
Exercise. Is it true that Ker(¢)n = Ker(py) and Coker(¢)y, = Coker(¢n) in general?
Proposition 3.17. Flatness is a local property. In particular, for any R-module M the following are equivalent.
(a) M is a flat R-module.
(b) M, is a flat R,-module for every p € Spec(R).
(¢) My is a flat Ry-module for every m € MaxSpec(R).

Proof. (a)=(b) follows from Proposition 3.12 and Remark 2.53.
(b)=(c) is trivial.
(c)=(a) By Proposition 2.52 we have to show that the map N & M BELLINGS ® M is injective for any injective

R-linear map N i> P . Let m be any maximal ideal of R. By Proposition 3.16 we have that Ny ﬂ> Py
is injective. As My, is by hypothesis a flat Ry,-module, Proposition 2.52 implies that

m ®id
Nm ®Rm Mm fi’ Pm ®Rm Mm

(f@id)m
_—

is also injective. Proposition 3.14 gives us that (N ®r M)n (P®p M)y is injective. As m was

arbitrarily chosen in MaxSpec(R), we conclude by Proposition 3.16. O

3.5 Extended and Contracted Ideals in the Ring of Fractions

Fix for this section a ring R and a multiplicatively closed set U C R, and denote by f : R — U 'R the
canonical homomorphism with z +— z/1. We will denote by

C = { contracted ideals of R}
& = { extended ideals in U 'R}.
Remark 3.18. For any ideal I C R, its extension in U'R is I¢® = U~'I. Indeed, let 2 € I¢, that is
. Ty Qg .
T = — , withr; € Rjt;,s;, € U, and a; €1,
tz‘ S;

i
so x can be expressed as a fraction with denominator t¢;...%¢,s;...s, and numerator in I.

Remark 3.19. It will be useful for the next proofs to highlight the following;:

§€U_1M(:>Eiue U such that ux € M.

Proof.

%EU*IM & EISGU,mEMsuChthat%:T
s

& ds,u’ € U;m € M such that v/(sx —tm) =0
< du € U, such that ux € M

The direction = is clear. The only non-obvious implication is the one from line 3 to line 2. This works because

ur € M = Im € M such that uz —m =0=u'(uz —1-m) =0 o € U.
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Proposition 3.20. Let I C R and J C U~ 'R be ideals. We have

(a) Je&.

(b) 1 = Uyeu (T 5).

() I°=(1) & INU #10.

(d) T €C <= Un{zero divisors of R/T} = 0.

Proof. (a) Since J° C J in general by Proposition 1.44, we need to show only the reverse inclusion. Let
z/s € J. So s/1-#/s = =/1 € J. This means, that z € J¢, so /s z/1 = z/s € J°°.

(b) We the following chain of equivalence, where the second is given by Remark 3.19.

zel°=U"I° < % cU I
& wuzx € I for some u € U.

& e U(Iu)
uelU

(¢) f w € UNI, then I° would contain the unit v/1. Conversely, if I¢ = (1), then I°° = R, so by part (b)
1€ Uyep (I = u), so there exists u € U with 1-u € I.

(d) By Proposition 1.44 we have I C I°¢, so

IeC & I*°CI

& ifoRsatisﬁes%€U71]thenm€I.
if sz € I for some s € U, then x €
ifs-o=0¢R/I for some s € U, thenz=0¢€ R/I.
S N {zero divisors of R/I} = ().

t e

Proposition 3.21. The map of sets ©: {p € Spec(R) : pNU =0} — Spec(U™'R) given by
ppt=U""p

is bijective, with inverse ¢ : Spec(U 'R) — {p € Spec(R) : pNU = 0} given by U~tp — (U tp)¢, where
the contraction is taken over the canonical map f: R — U'R.

Proof. Using Proposition 3.20 (a) and Remark 1.44 (c) we just have to make sure that extension and contraction
restrict properly to the sets we are considering. Bijectivity is then implied.

First, we have to show that if p is prime and disjoint from U, then U~!p is prime. We know that R/p is a
domain. By Corollary 3.11 we have U'R/u=1y = U~Y(R/p) = [U]"1(R/p), where [U] is the image of U in
R/p. By assumption p N U =0, so [0], ¢ [U], and thus [U]~*(R/p) is not the zero ring. It is thus a nontrivial
subring of the field of fractions of the integral domain R/p, thus it is an integral domain, which implies that
U~'p € Spec(U~'R). So the map ¢ is properly defined (i.e. it sends elements to the codomain).

For the inverse first notice that J¢ is always prime when J is prime (cf. Remark 1.18). If there existed
weUN f~Y(UI), then U7I = (1) would not be prime. So the restriction of ¢ is also properly defined. [

Proposition 3.22. For any ideals I, 1>, and I of R we have

(a) U_l(Il N 12) = U_1]1 n U_llg
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(b) U_l(ll + IQ) = U_lll + U_1[2
(c) UM Iz) = (U L) (U ')
(d) U"WI=VU1I

Proof. (a) is a particular case of Corollary 3.11.
(b) and (c) are by Remark 3.18 equivalent to Remark 1.45.

(d) Again by Remark 1.45 we get U~'/T = (VI)¢ C VI¢ = VU 1I.

For the other inclusion:

r/s€ VU <« 3 neNsuch that »"/s" e U'T

< dneN,JueUsuch that ur™ € I
= I neN,JueU such that (ur)* €I
& Jue U such that ur € VI

& rseUWI

Corollary 3.23. If Ny is the nilradical of R, then U~'Jr is the nilradical of U"'R.

Corollary 3.24. If p is a prime ideal of R, then the prime ideals in the localization R, are in one to one
correspondence to the prime ideals contained in p.

Remark 3.25. The prime spectrum of a ring can be thought of as a partially ordered set (poset) by inclusion.
Localization at a prime p keeps exactly those primes smaller or equal than p, so the interval (—oo,p] = {q €
Spec(R) : q C p}. Quotienting by p keeps exactly those primes which are larger or equal than p, so the interval
[p,00) = {q € Spec(R) : p C q}. For p,q € Spec(R) with q C p, we have by Corollary 3.11

Ry/ap = (R/a),

and the spectrum of this ring is thus the interval [q,p] = {p’ € Spec(R) : q C p’ C p}. In the special case that
q = p, we end up with a field I which is called the residue field at p. It can be viewed as both the field of
fractions of the integral domain R/p, or the residue field of the local ring R,. In the even more special case
when p = m is maximal, we have thus (R/m), = R/m.

Proposition 3.26. Let U be a multiplicatively closed set of the ring R and M a finitely generated R-module.
We have
U~ (Anng(M)) = Anng 1 g (U™ M).

Proof. If M = (m) is generated by a single element, then we have

0 — Anng(M) = R— M — 0
1l—m
So, if we denote by I := Anng(M) we have M = R/I as R-modules. We get by Corollary 3.11
U'M=U'R/UI

and thus Anng -1z U'M = U~ = U~! Anng(M). To extend this now to any finitely generated module, it is
enough to show that if the proposition is true for M; and Ms, then it is true for M7 + M> as well. Combining
Corollary 3.11 and Remark 2.16 with the hypothesis U~ (Anng(M;)) = Anng -1 z(U~1M;) for i = 1,2 we get

U™ '(Anng(M; + Ms)) = U~ '(Anng(M;) N Anng(Ms))
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= U '(Anng(Mp)) NU ' (Anng(M>))
= Anng 1 x(U M) N Anng 1z (U1 M)
Anng g (U™ My + U™ My)
Anng g (U™H(My + Ms))

Corollary 3.27. Let M be an R-module and N, P C M submodules, with P finitely generated. We have
UYN:P)=U'N:U'P).

Proof. By Remark 2.16 we have N : P = Anng(N + P/P). As (N+ P)/P = P/NN P, we have finite generation
and may apply Proposition 3.26 to conclude. O

Proposition 3.28. Let S be an R-algebra with ¢ : R — S and p € Spec(R). We have that p is the contraction
of a prime ideal of S if and only if p = p°°.

Proof. If p = q°, then p®¢ = q°¢ = q¢ = p.

Let p®© = p. Define U’ := R\ p, and U := p(U’) C S, which is a multiplicatively closed set because U’ is one.
By definition p¢ N U = 0, therefore we can further extend p° to a proper ideal U 'p® of U~1S. So there exists a
maximal ideal m of U 'S containing U ~'p®. Then, the contraction of m C U~1S to S is a prime ideal q = m®,
with q C U = 0, and p® C g,thus p = p®® = ¢ is thus the contraction of a prime ideal. O
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Chapter 4

Primary Decomposition

Primary decomposition is a generalization of the fundamental theorem of arithmetic. Elements are replaced
with ideals, powers of prime numbers with primary ideals, and the product with the intersection. The problem
is, it does not always exist for arbitrary rings, but when it does it satisfies some uniqueness theorems which will
be the main results in this chapter.

4.1 Primary Ideals
Definition 4.1. An ideal q of a ring R is called a primary ideal if it is proper and if
xy € q=x €q or 3n € N such that y" € q.

Equivalently, if R/q # 0 and every zero divisor in R/q is nilpotent.
Remark 4.2. (a) Every prime ideal is primary.

(b) If f: R — S is a ring homomorphism and if ¢ C S is a primary ideal, then q¢ is a primary ideal of R.
The reason for this is that R/q° is isomoprhic to a subring of S/q.

Proposition 4.3. Let q C R be a primary ideal. Then \/q is prime. In particular, it is the smallest prime
ideal containing q.

Proof. Let z,y € R with 2y € /4. Then 3 m € N such that (zy)™ = (™)(y™) € q. As q is primary, either
2™ € qor 3n € Nsuch that (y™)" = y™" € q. So either x € \/q or y € /3. O

The converse of Proposition 4.3 does not hold, as we will see soon enough. (Otherwise, it would have been a
nicer definition). Anyway, the radical of a primary ideal plays an important role, and that is why, if \/q = p,
then g is called p-primary.

Examples. 1. The primary ideals of Z are (0) and (p™), for p a prime integer.

2. Let S =K][z,y], 9 = (z,y?). Then S/q = K[y]/(y?), so all the zero divisors are multiples of y, and hence
nilpotent. So here we have p = /q = (z,y) and the strict inclusions

p>CqCp.

This shows that not all primary ideals are powers of primes.
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3. It gets worse: not all prime powers are necessarily primary, although the radical is a prime ideal. For
example, take R = K[z, y, 2]/(zy — 2?) and let [f] denote the image of a polynomial under the canonical
projection to R. The ideal p = ([z], [2]) is prime, since R/p = K]y]. But we have

’]

cp

while [2] ¢ p? and [y] ¢ \/p? = p; hence p? is not primary.

Proposition 4.4. If VI is mazimal, then I is primary. In particular, the powers of a mazimal ideal m are
m-primary.

Proof. Denote v/T by m. In general, the image of v/T under the canonical projection R —» R/I, is the nilradical
of R/I. The preimage of every prime ideal of R/I is a prime ideal of R which contains m, so there is only one
prime ideal in R/I. In particular, an element of R/I is either a unit, or nilpotent. O

Lemma 4.5. If q1,...,q, are p-primary ideals, then ﬂ?zl q; is also p-primary.

Proof. First of all, /NI ,q; = (-, V4 = p. We will use this to prove that the intersection is primary. Let
zy € (i, q;- Assume z ¢ ()._, q;, i.e. there exists iy such that x ¢ q;,, but zy € q;,. Because q;, is p-primary,

it followsye\/ﬁzp:\/ﬂzflqi. O
Lemma 4.6. Let q be a p-primary ideal of R, and let x € R. We have

(a) Ifz €q, then q:x = R.

(b) If x ¢ p, thenq:xz =q.

(¢) If x ¢ q, then q : x is p-primary.
Proof.  (a) This is true for any ideal.

(b) “2” is always true. For “C”, let y € q: , so vy € q. As x ¢ p = /4, we must have y € q.

(c) We first show /q:z =p. Let y € q: 2,50 2y € q. As z ¢ q, we have y € v/idg = p. So, given that
I C I:J in general, we get

qC€q:zCp = p=gCVa:zCVh=p.

Now, let yz € q: x, so xyz € q. Assume that z ¢ /idq : = p. Then, as q is p-primary, we get zy € ¢, so
yeq:x.
O

4.2 Decompositions

Definition 4.7. Let I C R be an ideal. A primary decomposition of I is an expression of I as a finite
intersection of primary ideals:
n
I= m qi,
i=1

with q; being p;-primary for every i. A primary decomposition is called minimal (or irredundant) if
(i) all the p; = \/q; are distinct, and
(i) Mz 95 € qi for every i =1,....n.

An ideal is called a decomposable ideal if it has some primary decomposition.
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Remark 4.8. (a) Not all ideals are decomposable. We will see an example later in the lecture, or during the
exercise session.

(b) Every primary decomposition can be reduced to a minimal one using Lemma 4.5 and leaving out redundant
ideals in the intersection.

Theorem 4.9 (First Uniqueness Theorem). Let I C R be a decomposable ideal and let I = (i, q; be a minimal
primary decomposition of I, with \/q; =p; fori=1,...,n. Then we have

{p1,....pn} ={VI:z | 2 € R} NSpec(R).
In particular, the ideals p; are independent of the primary decomposition.

Proof. For every x € R we have [ : x = (ﬂ?zl qi : x) =i, (q; : «). Taking radicals, we get

\/IIIL’:m\/in = ﬂ Vi = ﬂ Pi, (41)
=1 i=1 i=1
qi B q; 3z

where the second and third equalities follow from Lemma 4.6 (c).
If /I : z € Spec(R), then by the Prime Avoidance Lemma 1.39 it must be one of the p;.

Since the decomposition is minimal, for every i = 1,...,n, we have ﬂj# q; Z q;, so there exists an x; ¢ ¢,
with 2; € ()=1 q;. In particular, there is just one prime ideal on the righ hand side in (4.1), and we conclude
J#i

that p; =1 : ;. ]

The unique primes from Theorem 4.9 are called the associated primes of I, and the set of associated primes is
denoted by Ass(I). An associated prime is called a minimal prime of I (or isolated prime of I), if it is a minimal
element of Ass(I) with respect to inclusion. The set of minimal primes is denoted by Min(I). The non-minimal
associated primes are called embedded primes; they are thus the elements of the set Ass(I) \ Min(I).

Remark 4.10. An ideal is primary if and only if it has just one associated prime.

While associated primes are unique, minimal primary decompositions are not:

Example 4.11. Let R = K[z, y|, and I = (22, zy). We have
(@) N (2%, 2y,%) = (2%, 2y) = (2) N (2%, ).

The primes involved are: p; = (z) and p2 = (z,y), thus we have an inclusion: p; C ps. So

Ass(I) ={(z), (z,y)}  Min(J) = {(2)}

and (x,y) is an embedded prime of I. You can think of the line V' (x) as an irreducible component of the variety
of V(I), and the point given by the maximal ideal (z,y), as a subvariety of V(I), thus a so-called “embedded”
component.

The radical of I is (z), thus a prime ideal, but I is not primary.

Proposition 4.12. Let I C R be a decomposable ideal, and p a prime ideal with I C p. Then, there exists
p; € Min(I) such that p; C p. In particular,

Min(I) = min{p € Spec(R) | I C p}.

Proof. Let I = (1, q; be a minimal primary decomposition of I with ,/q; = p;. Taking radicals, over (;_, q; C

p, we get ();, p; C p, and by the Prime Avoidance Lemma 1.39 we get p; C p for some i, so p must contain a
minimal prime. [
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Proposition 4.13. Let I C R be a decomposable ideal. We have
U p={zeRrR|T:a)#1}
peAss(I)
In particular, if (0) is decomposable then

U = {zero divisors of R} =: D.
pEAss((0))

Proof. If I is decomposable as I = () q;, then (0) is decomposable in R/I as (0) = [, where §; is the image of
q; in R/I. Clearly, because (R/I)/q; = R/q;, we have that g, is primary. So it is enough to prove the particular
statement. By Proposition 1.40 we have D = |Jx # 04/0 : 2. From (4.1) in the proof of Theorem 4.9 we have

m
VO:xz= ﬂ p; C p, for some p € Ass(0),
Qe
hence D C [, ¢ pg5(0) P- Also from the last part of the proof of Theorem 4.9 we have that every p € Ass(0) is of
the form +/0 : x for some z, and this way we get the other inclusion. O

So, if (0) is decomposable in R we get

D = {zero divisors of R} = U p
pEAss(0)

Ng = {nilpotents of R} = n p
peMin(0)

4.3 Decompositions and Localizations

Proposition 4.14. Let U be a multiplicatively closed set of R and q be a p-primary ideal.
(a) IfUNp #0, then U 'q=U"'R.
(b) IfUNp =0, then U~tq is U~ tp-primary, and (U~'q)° = q.

Proof. (a) clear, since both p and q would contain a unit.

(b) Recall, that q¢ = U~ 'q. From Propositions 3.22 and 3.20 we have
VIE=Ulga=U""Va=U""p.

So it remains to see that q° is actually primary. This follows from U 'R/U~tq = U~'(R/q), and the
equivalent definition for primary ideals.

For the last part: If au € q with w € U, then, as uNp = (}, we have u™ ¢ q for all n, so a € q. 3.20 (b) we
have q°¢ = q.
O

Proposition 4.15. Let U be a multiplicatively closed set of R and I a decomposable ideal with a minimal
primary decomposition I = (I, q;, where q; is p;-primary. Suppose that we labeled the primary ideals such
that there exists anm € 1...n with U Np; = 0 < ¢ < m. Then we have the minimal primary decompositions:

m

U1 = ﬁ U 'q; U =) a
i=1

i=1
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Proof. Tt follows from Proposition 3.22 and Proposition 4.14. O

A subset X of a partially ordered set (P, <), is called a lower set, if x € ¥ and y € P with y < z imply y € X.
That is, if once it contains an element, it contains also all elements smaller or equal to it. The set of associated
primes of a decomposable ideal I C R is partially ordered by inclusion. A lower set ¥ C Ass([]) is called in this
case isolated set.

For any decomposable ideal I and any isolated set ¥ C Ass([), the set

Us:=R\[)p

pes
is multiplicatively closed, with the property that V p € Ass(I) we have
peXspnUs =0.
As a corollary of Propostion 4.15 we get another statement about uniqueness in decompositions.

Theorem 4.16 (Second Uniqueness Theorem). Let I C R be a decomposable ideal, and let I = (', q; be a
minimal primary decomposition of I. If the set {p;,,...,pi  } s an isolated subset of Ass(I), then q;; N---N
q.,, s independent of the chosen decomposition. In particular, the isolated primary components, i.e. those
corresponding to the minimal primes, are uniquely determined by I.

Proof. By Propositon 4.15 we have that q;, N---Nq;,, = (Ug "1)°, so, as Ass(I) and the contraction are uniquely
determined, is itself uniquely determined. [

We will see that for the embedded components one may have infinitely many choices.
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Chapter 5

Chain Conditions

We have stated, without examples, that not all ideals admit a primary decomposition. There is however a hugely
important family of rings for which primary decompositions always exist: Noetherian rings, called this way in
honor of Emmy Noether, who proved the existence of primary decompositions under the so-called ascending
chain conditions. Descending chain conditions for modules were studied by Emil Artin; in his honor we call
rings with the descending chain conditions Artinian. These ascending and descending conditions apply both to
rings and modules. Apparently there is a perfect symmetry between the two, however we shall see that in the
case of (ideals in) rings, this symmetry disappears.

Let (P, <) be a poset. We say that P satisfies:

The ascending chain condition if every increasing sequence z7 < x5 < ... is stationary (i.e. 3 n such
that x, = xp41 =...).

e The descending chain condition if every decreasing sequence 1 > xo > ... is stationary (i.e. I n
such that x,, = xp41 =...).

e The maximal condition if every nonempty subset of P has a maximal element.

e The minimal condition if every nonempty subset of P has a minimal element.

Proposition 5.1. For any poset (P, <) the ascending chain condition is equivalent to the mazimal condition
and the descending chain condition is equivalent to the minimal condition.

Proof. Easy Exercise. O
Definition 5.2. Let M be an R-module. Let Pc (M) be the poset of submodules of M ordered by inclusion.
(a) The module M is called Noetherian if Pc (M) satisfies the ascending chain condition.
(b) The module M is called Artinian if Pc (M) satisfies the descending chain condition.
Examples. 1. Any finite Abelian group is both a Noehterian and an Artinian Z-module.
2. Z, as Z-module, is Noetherian, but not Artinian:

(@) 2 (@®) 2+ 2 (a")

= = =

U

3. Fix a prime p € Z, and let G := {z € Q/Z : ord(z) = p™ for some n}. Then, for each n € N, G has
exactly one subgroup of order p™: G,, = {x € G | p"x = 0}, and these are all the subgroups. We have

GoCGL G- CG ...

so the Z-module G is not Noetherian, but G is Artinian.
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4. If K is a field, then K[z] is Noetherian, but not Artinian.

5. The polynomial ring in (coutably) infinitely many variables K[z1, 2, . . .] is neither Noetherian nor Artinian:

(1) € (w1,22) ...
(1) D (22) D ...

= =

6. We will see later that for rings, Artinian implies Noetherian, but, as we have seen above, not the other
way around. This is the broken symmetry we were referring to at the beginning of this chapter.

The following proposition is the crucial property of Noetherian modules. It shows that being Noetherian is the
“right” finiteness assumption one needs for modules and rings.

Proposition 5.3. An R-module M is Noetherian if and only if every submodule of M is finitely generated.

Proof. Let N C M be a submodule, and Pé’g "(N) the set of all finitely generated submodules of N. As
0 € Pég (N) € Pc(M), it is a nonempty subset, therefor by Proposition 5.1 it has at least one maximal
element: Ny. If Ny # N, there exists © € N \ Ny, so N + (x) € Pég'(N) contradicts the maximality of Nj.

Thus N = Ny € ”Pég'(N), and thus N is finitely generated.
Let M7 C My C ... be an ascending chain of submodules of M. Then N := Ufil M,, is a submodule of

M (because we are taking the union over an ascending chain), hence finitely generated. Let N = (z1,...,x,),
and define ng := min{i € N | 2; € M, for all j = 1...r}. This is well defined by the way N was defined. So
M, = M,, = N for all n > ng, and thus the chain is stationary. O

5.1 Common Formal Properties of Artinian and Noetherian Modules

Proposition 5.4. Let 0 — M, Q Mo g Ms — 0 be a short exact sequence of R-modules. Then My is
Noetherian (resp. Artinian) if and only if My and M3 are Notherian (resp. Artinian).

Proof. We shall proof the statement only for Artinian modules. The Noehterian case is analogous, (and it is
done in Antiyah-Macdonald Proposition 6.3).
For every i = 1,2, 3 let

Cil le_'D‘_MZQ_'D,_

) s

be a descending chain in M;.

If C; were not stationary in M; for ¢ = 1,3, then f1(Cy), respectively f{l(Cg), would not be stationary in
My,

Looking at the chains f; '(C2) and f2(Cz), we get that there exists some ng € N such that f; (M) =
fl_l(ngnO) and fo(May) = fa(Ma p,) for all n > ng. We want to show that My, = My, for all n > ng. As
we have a descending chain, it is enough to prove that M ,, C My ,,.

Let © € Ms,, and n > ng. We have fo(x) € fa(Mayn,) = f2(May,), so there exists y € M, such that
fa(x) = f2(y). That is fo(x —y) = 0, which, by exactness, implies that there exists a z € M; such that
fi(z) =2 —y. Asx —y € My, we have z € f; ' (Ma,,,) = fi "(Ms,). Thatis fi(z) = x —y € My, and
thus © € My . O

Corollary 5.5. The R-modules My, ..., M, are Noetherian, (respectively Artinian) R-modules if and only if
@, M, is Noetherian, (respectively Artinian).

Proof. Apply induction on n and Proposition 5.4 for the short exact sequence

0— M, — @, M; — @' M, — 0.
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Definition 5.6. A ring R is Noetherian (respectively Artinian) if it is Noetherian (respectively Artinian) as
an R-module. Equivalently, if the set of ideals of R satisfies the ascending chain condition (respectively the
descending chain condition).

Examples. 1. A field is both Artinian and Noetherian.
2. Any finite ring is both Artinian and Noetherian. (for instance Z/nZ).

3. Every principal ideal domain is Noetherian, because every ideal is finitely generated. The ring of integers
Z is thus Noehterian, but it is not Artinian (as we have seen in the previous list of examples).

4. The ring K[z1, 2, ...] is not Noetherian, but it is a subring of its field of fractions which is Noetherian.
Thus subrings of Noetherian rings need not be Noetherian.

5. The ring C(X) of real-valued continuous functions on a compact infinite Hausdorff space X is not No-
etherian: Take a strictly decreasing sequence F; 2 Fy D ... of closed sets in X and define the ideals
I, :={f €C(X)| f(F,) = 0}. These form a non-stationary increasing chain.

Proposition 5.7. Let R be a Noetherian (respectively Artinian) ring. If M is a finitely generated R-module,
then M is Noetherian (respectively Artinian).

Proof. By finite generation we have a short exact sequence
0 —=K—=R"— M — 0.

and we conclude by Proposition 5.4 and Corollary 5.5. O

Remark 5.8. Let I be an ideal of R, and M be an R-module, so M/IM is both an R/I-module and an
R-module. Then, M/IM is Noetherian (respectively Artinian) as an R/I-module if and only if it is Noetherian
(respectively Artinian) as an R-module. This follows because, a subgroup N C M/IM is an R/I submodule if
and only if (R/I)- N C N if and only ift R- N C N. So the posets of R/I-submodules and R-submodules of
M/IM coincide.

Proposition 5.9. Let I be an ideal of the ring R. Being Noetherian (respectively Artinian) is bequeathed from
R to the quotient ring R/I.

Proof. Applying Proposition 5.4 to 0 — I — R — R/I — 0. implies R/I is a Noetherian (resepcitvely

Artinian) R-module. Restricting scalars from R/I to R, we have that R/I is Noetherian also as an R/I-
module. O

5.2 Composition Series and Length of a Module

Let M be an R-module. A composition series of M is a finite maximal strictly increasing chain in Pc(M).
That is a sequence of modules
0=M,C M, 1C---CM CTMy=M (5.1)

such that no further submodules can be inserted between any two consecutive M; C M;_1. This is equivalent

=

to M,;_1/M; being a simple module, i.e. a module with no submodules other than 0 and itself. A composition
series (or chain) as in (5.1) is said to have length n.

Denote for any R-module M the least length of a composition series by ¢(M), with the convention that if M
has no composition series then ¢(M) = +oco.

Lemma 5.10. Let M be an R-module. If N C M, then ¢{(N) < {(M).
Tthis is simply because [r][n] = r[n] € M/IM.
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Proof. Let 0 =M, C M,_1 S --- C My & My = M be a composition series of M of minimum length. Define
for every i=0...n

We have the composition of two natural maps: N;_; — M;_y — M,;_1/M; (without having a regular se-
quence!). The kernel of this composition is equal to N;_1 N M; = (M;—1 N N) N M; = N;, so, by the universal
property of the quotient module (Theorem 2.10), there is an injection N;_1/N; < M;_1/M;. As M;_1/M; is
simple, we have either N;_1/N; = 0 or N;_1/N; = M;_1/M;. Leaving out those N; which are equal to N;_1
we obtain a composition series of N of length at most ¢(M). We still need to show that it has to be strictly
shorter, so assume it is not. That is

N,_1  M;_4 .
= = 1 PN .
N, AR "
So, as M,, = N,, =0, we have M,,_1 = N,,_1, and so on until M = My = Ny = N - a contradition. O

Proposition 5.11. Let M be an R-module having at least one composition series.

(a) Fvery strictly increasing chain of submodules of M has length < ¢(M).
(b) Every composition series of M has length £(M).

(c) Ewery strictly increasing chain of submodules can be extended to a composition series.

Proof. (a) Assume 0 = My C Mp_1 € --- C My C My = M is a chain of submodules of M of length k. By
Lemma 5.10 we have ¢(M) > £(M;) > --- > £(M},) = 0, hence £(M) > k, thus k = {(M).

(b) If we have a composition series of length n, then by definition we have /(M) < n and by the previous
point (M) > n.

(¢) Let now 0 = My, € My_1 C --- C My C My = M be a chain of submodules. By (a) we have k < ¢(M).
Thus, if & = ¢(M), it must be maximal. If it is not maximal, than we may insert some M; 2 M/ 2> M;_
and repeat this procedure until we obtain a chain of length ¢(M).

O

Proposition 5.12. An R-module M has a composition series if and only if M is both Artinian and Noetherian.

Proof. All the strict chains in M have length at most ¢(M) by Proposition 5.11.

Set My = M. Using Noetherianity and Propostion 5.1, there exists a maximal element in M; € Pc(M) \
{M}, so My 2 M;. Choose My among the maximal elements of submodules of M strictly contained in M7, and
so on. Using now the Artinian property, we get that this strictly decreasing chain must become stationary (at
0), and we obtain thus a composition series of M. O

Propositions 5.11 and 5.12 justify the following definition.

Definition 5.13. A module which is both Noetherian and Artinian is called module of finite length. In this
case, the length of a module is the length of any of its composition series and is denoted by ¢(M).

Remark 5.14. The Jordan-Holder theorem applies to modules of finite length. That is the quotients of
consecutive modules in any composition series is independent of the series.

Proposition 5.15. The length of a module is an additive function (cf. Definition 2.40) on the class of R-
modules of finite length.
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Proof. Let 0 — M, LN Mo EES M3 — 0 be a short exact sequence of modules of finite length. We want to
show that ¢(Ms) = ((My) + €(M3). Let 0 = My, ; € My,—1,; S -+ € M1,; € My,; = M be composition series
for M; for each i =1, 3.

We first put together a composition series for My using those of M; and Mjs. First, as f is injective, we have
that

0= fi(Me,1) € ilMe—11) -+ C fi(Mo) € Mo
As fy is surjective, and Ker(f2) = S(f1) we also have
fiMo) = fr(My) = fo1(0) = f5 ' (M 3) G fo ' (Mey—13) G -+ & fo ' (Mo,3) © Mo.

Thus £(M;) + ¢(M3) < £(Ms) by Propostion 5.11 (a).
If the chain of submodules of Ms obtained by gluing the two above together would not be maximal, then either
that of Mj or that of M3 would not have been maximal either and we conclude. O

Proposition 5.16. If V is a K-vector space, then the following are equivalent:

(a) V has finite dimension.
(b) V has finite length.
(¢) V is Noetherian.
(d) V is Artinian.

Furthermore, dimg V = £(V).

Proof. | (a) = (b) | Choose a basis {v1,...,v4} and construct the composition series

0C (v1) C(v1,v2) €+ C(v1,...,09) = V.

=

(b) = (c) |Is given by Propostion 5.12. | (b) = (d) | Is given by Propostion 5.12. | (¢) = (a) | Assume V is not
finite dimensional. Then there exists an infinite sequence (v, )nen of linearly independent elements of V. Then
the sequence

(vo) & (vo,v1) € -
would contradict the ascending chain condition. | (d) = (a) | Works analogously by choosing the sequence
<’U0,Ul7...> 2 <’Ul,’02,...> g_
O

Corollary 5.17. Let R be a ring in which the zero ideal is a product of not necessarily distinct mazimal ideals:
(0) =my---my,. Then R is Noetherian if and only if R is Artinian.

Proof. Set V; := my ---m;_1/my ---m;. Notice that V; is an R/m;-vector space (as a special case of M/IM is

an R/I-module). In particular, by Proposition 5.16 being Noetherian is equivalent to being Artinian, and it is
equivalent to having finite dimension. Furthermore, by Remark 5.8, V; being Artinian (Noetherian) as a vector
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space is equivalent to being Artinian (Noetherian) as an R-module.
Consider the following list of short exact sequences

0 my R R/ml 0

0 — mimy my ml/mlmg — 0

0 —— my---m, ——> Mg My —— My ---My_1/my---m, —— 0
By Proposition 5.4 on each short exact sequence we have

R is Noetherian < m; and R/m; are Noetherian

m; is Noetherian < myms and m;/m;my are Noetherian

my ... m,_1 is Noetherian < my...m, and my---m,_;/my---m, are Noetherian

The same equivalences hold if we replace Noetherian with Artinian. If we start with R Noetherian, we get all
the way down through the sequence of equivalences. For the quotients V; being Noetherian is equivalent to being
Artinian. So, to get back up, we only need that both modules on the right hand side in the last equivalence are
Artinian. But my ... m,, = 0, so Artinian, and we can climb back up through the equivalences and get that R
is Artinian. Clearly this works both ways. O

Recall from Exercise Sheet 6, Problem 1 that an R-module is simple (i.e. the only proper submodule is 0) if
and only if there exists m € MaxSpec(R) such that M ~ R/m as R-modules. From Exercise Sheet 8, Problem
4, recall that the support of an R-module M is the set

Supp(M) := {p € Spec(R) | My £ 0}.

Theorem 5.18 (Jordan-Holder). Let R be a ring and M a module of finite length and let
0=MpCMy1 G- G M G My=M

be a composition series of M. We have

(a) m € Supp(M) & Fi€l,...,n such that M;_1/M; ~ R/m. In particular, all primes in the support are
mazimal.

(b) K(Mm) = ﬁ{l cl,....n | Ann(Mi,l/Mi) = m}

(c) There is a canonical isomorphism
M— ] M
meSupp(M)

Proof. The key trick behind the proof comes from the exactness of localization (Proposition 3.10). This gives
us for any prime ideal p the chain

0= (Mn)p C (Mp-1)p €+ S (M), € (Mo)y = M,
For any maximal ideal m we have from Remark 3.25 that

R/m ifp=m

(R/m)”{o it p #m.
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Furthermore, as localization and quotients commute, we have for every i
(Mi—1)p/(Mi)p ~ (Mi—1/M;), ~ (R/m),.

Combining these two observations we easily obtain points (a) and (b).

For Part (c¢), we get from the above that for two maximal ideals m and m’ we have

My, ifm=w

(M) = {0 if m=#£m.

Furthermore, by definition we have Mw = 0 if m ¢ Supp(M), so Dnemaxspec(r) Mm = Dumesuppir) Mm-
Taking now the sum of the localization maps M — M,, for all m € MaxSpec(M) we get

M— @ M.
meSupp(M)

By Proposition 3.16 it suffices to check that all localizations at maximal ideals are isomorphisms. Localization
commutes with direct sums, so all these localizations are identity maps, and we conclude. O
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Chapter 6

Noetherian Rings

Recall that combining Definition 5.6 with Propositions 5.1 and 5.3 we have that a ring R is Noetherian if and
only if one of the following equivalent conditions hold:

1. Every ascending chain of ideals of R is stationary.
2. Every nonempty set of ideals of R has a maximal element.
3. Every ideal in R is finitely generated.

Proposition 6.1. Let f : R — S be a surjective ring homomorphism. If R is Noetherian, then S is Noetherian.

Proof. Since f is surjective, we have S = R/ Ker f and we conclude by Proposition 5.9. O

Proposition 6.2. Let R be a subring of S. If R is Noetherian and S is finitely generated as an R-module, then
S is also a Noetherian ring.

Proof. By Proposition 5.7, S is a Noetherian R-module, hence it is Noetherian as a ring as well. O

Example 6.3. The ring of integers Z is Noehterian, and the ring of Gaussian integers Z[i] is finitely generated
as a Z-module, hence it is Noetherian. His holds true for the ring of integers of every algebraic number field.

Proposition 6.4. If R is Noetherian and U is a multiplicatively closed set, then U'R is also Noetherian.

Proof. Every ideal of U7'R is an extended ideal, so of the form U~'I. Since R is Noetherian, I is finitely

generated, say by x1,...,2,. Then 5L ... %= generate the ideal U1 O
Corollary 6.5. If R is a Noetherian ring and p is a prime ideal, the the localization R, is also Noetherian.

Theorem 6.6 (Hilbert’s Basis Theorem). If R is a Noetherian ring, then the polynomial ring in one variable
RJx] is also Noetherian.

Proof. We will prove that every ideal of R[x] is finitely generated. For a polynomial of degree n the coefficient
of " is called leading coefficient and is denoted by LC(f). The set

L:={LC(f) | fel}CR

is obviously an ideal of R. Since R is Noetherian, L is finitely generated. Say (ci,...,¢n) = L. By definition,
for each i = 1,...,m there exists f; € R[z] such that

di—1
fi= ci:z:di + Z bijxj.
§=0
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Let d := max{dy,...,dn}, and let I' := (f1,..., fim). We will show that
I=I+In{,z,...2970), (6.1)

but first we will explain why it will be enough to conclude: The ideal I’ is finitely generated by definition.
The finitely generated R-module (1,x,...,2%!) is by Proposition 5.7 Noetherian, thus its R-submodule I N
(1,z,...,2971) is finitely generated. Hence, (6.1) describes I as a sum of two finitely generated R-submodules,
which implies that I is finitely generated as an ideal. It thus remains only to prove (6.1), that is, that every
f €I can be written as f =g+ h withge I’ and h € IN (1, x,..., 297 1).

Let f € I with 7 :=deg f. If r < d, then f € (IN(1,...,2971)) and we are done. If r > d, let ¢ = LC(f) and
write
c=aic1+...amcm, with a; € R.

Hence, as deg f = r > d, we can define
fom o a0 = = g frna”

By construction, the coefficient of z" vanishes, so deg f' < deg f. After a finite number of steps we arrive at a
degree lower than d, thus at a polynomial in I N (1,x,...,297 1), and we conclude. O

Corollary 6.7. If R is a Noetherian ring, then R[x1,...,x,] is Noetherian for any n € Nxg.

Corollary 6.8. If R is Noetherian, then any finitely generated R-algebra is Noetherian.
In particular, any finitely generated ring and any finitely generated K-algebra (where K is a field) is Noetherian.

Proof. For the first part, combine Corollary 6.7 with Proposition 6.1. For the second part, use the first part
taking into account that Z and any field K are Noetherian. O

6.1 Primary Decomposition In Noetherian Rings

An ideal [ is called irreducible if
I=JnK=({I=JorlI=K)

Lemma 6.9. In a Noetherian ring R every ideal is a finite intersection of irreducible ideals.

Proof. Assume the set C = {I | I ideal of R which is not a finite intersection of irreducibles} is not empty.
Then, as R is Noetherian, it has a maximal element: Iy. But then Iy has to be reducible, thus Iy = J; N Js,
with I C J; and I € J,. So Ji, J2 are not in C, thus they are finite intersections of irreducible, and so must be
Iy - a contradiction. O]

Lemma 6.10. In a Noetherian ring R every irreducible ideal is primary.

Proof. By passing to the quotient ring, it is enough to show that if (0) is irreducible, then it is primary. So let
xy = 0, and assume that z # 0. Consider the chain of ideal

Ann(y) € Ann(y?) C ...
As R is Noetherian, there exists n such that
Ann(y") = Ann(y" ™) = ...
Let now a € (z) N (y™). From a € (z) it follows that a = o’z so

ay = d'zy = 0.
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From a € (y") it follows that a = by", so

0=ay=by" "

This means b € Ann(y" ") = Ann(y"), so a = by™ = 0. Thus

Since (0) is irreducible we either have = 0 or y™ = 0, thus (0) is primary. O
Theorem 6.11. In a Noetherian ring every ideal has a primary decomposition.

The above theorem implies that all the results from Chapter 4 about rings in which a primary decomposition
exists apply to Noetherian rings. Here are a few more results in this direction.

Proposition 6.12. In a Noetherian ring every ideal contains a power of its radical.

Proof. Let R be the Noetherian ring, and let I C R be an ideal. We know by Noetheriantiy that v/ is finitely
generated, and choose ay, ..., a, generators of v/I. For each of them, there exists an n; € N such that al € l.
Define

T

n = Z(ni—l)-i-l.

i=1

As (VI)* = (a¥ ---abFr | with ky 4 --- + k. = n), we must have for each generator at least one i for which
k; > n;. So each generator is in I and thus (vI)" C I. O

Corollary 6.13. In a Noetherian ring the nilradical is nilpotent.

Corollary 6.14. Let R be a Noetherian ring, m be a maximal ideal of R and q be any ideal of R. Then the
following are equivalent:

(a) q is m-primary.

(b) v =m.
(¢) m™ C q Cm for somen € Nyg.
Proof. The equivalence between (a) and (b) is given by definintion and Proposition 4.4.

(b)= (c) is given by Proposition 6.12
(¢)= (b) is obtained by taking radicals in the chain of inclusions:

m=+vm" C,/qC/m=m.

For Noetherian rings we can improve the First Uniqueness Theorem 4.9 as follows.

Proposition 6.15. Let I C R be an ideal in the Noetherian ring R. We have
Ass(I) ={I:z | x € R} N Spec(R).

Proof. By passing to R/I we may assume that J = 0, and thus I : = 0 : 2 = Ann(z). Let ();_, 4, = 0 be a
minimal primary decomposition, with \/q; = p;. In the proof of Theorem 4.9 we have seen that

VAnn(z)=p;, V0#zc¢€ ﬂ q; =: I;.

=1
i#]
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By the above equality we have Ann(z) C p,;. By Proposition 6.12 there exists m € N such that p™ C q C p.
S50 we have
Lpi* CLinp" CI;Ng =0.

Let mg = min{m € N | Ip!™ = 0}. So Lip[™ ' # 0. Choose 0 # = € I;p"~". We have for this z that

i
pi'$:O7

so p; € Ann(x). As this x also lies in I;, we have the other inclusion as well, so Ann(z) = p,.
If Ann(z) € Spec(R), then Ann(x) = \/Ann(z) € Spec(R), and we conclude by Theorem 4.9. O

6.2 Noetherianity And Integrality

Warning: This section assumes some knowledge of Chapter 8.

Proposition 6.16. Let R C S C T be three rings. Assume that the following three conditions hold:

(i) R is Noetherian.
(ii) T is a finitely generated R-algebra.

(iil) T is a finitely generated S-module.
Then S is a finitely generated R-algebra.

Proof. Let ty,...,t, be R-algebra generators of T" and yi,...,y, be S-module generators of T'. Then, there
exist sy;, 55, € S such that

tio= > sy (6.2)
j=1

Yiy; = Zsijkyk (6.3)
k=1

Let Sy be the R-algebra generated by the s;; and the s;;,. Since R is Noetherian, by Corollary 6.8, Sy is
Noetherian and R C Sy C S.

Any element of T is the evaluation of a polynomial in R[z1,..., 2] at (t1,...,t,). Using (6.2), and then using
(6.3) repeatedly we obtain each element of T as a linear combination of y; with coefficients in Sy. So T is a
finitely generated Sp-module. Since Sj is Noetherian, by Propostion 5.7, T' is a Noetherian Sy-module. Since
S is an Sp-submodule of T, it is by Proposition 5.3 a finitely generated Sy-module. So, since Sy is a finitely
generated R-algebra, then so is S. O

Proposition 6.17. Let K be a field and E a finitely generated K-algebra. If E is a field, then it is a finite
algebraic extension of K.

Proof. Let E =Klaq,...,a,]. Assume that E is not algebraic, then relabel the a; such that ay, ..., a, are algeb-
raically independent over K, and for ¢ > r we have that a; is algebraic over the field F = K(ay,...,a,). Hence
E is a finite algebraic extension of F', hence by 8.2 a finitely generated F-module. Then, by Proposition 6.16
for K C F C F, we get that F' is a finitely generated K-algebra; say

fi(ah e ,ar)

F=K|b,...,b,] withb, = ,
[1 ] gi(ala---7ar)

with f;, g; polynomials.
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There are infinitely many irreducible polynomials over a field, so we can choose an irreducible polynomial A

which is prime to each ¢i,..., ¢, (take for instance g1 ...g, + 1). But then m € K[by,...,bn], but, as

h(ay,...,a,) € F - we have a contradiction. So, our assumption that E was not algebraic was wrong, and we
conclude. O

Corollary 6.18 (The Weak Nullstellensatz). Let K be a field, and R be a finitely generated K-algebra, and let
m € MaxSpec(R). Then R/m is a finite algebraic extension of K. In particular, if K is algebraically closed,
then R/m ~ K.

Proof. Take E = R/m in Proposition 6.17. O

6.3 Krull Dimension

The Krull dimension of a ring R is
dim g, R := sup{k € N | there exists prime ideals po € --- C pr} € NU {o0}.

Examples. 1. A field has Krull dimension zero, corresponding to a point being zero dimensional

2. A principal ideal domain, which is not a field, has Krull dimension one. In particular K[z] and Z have
Krull dimension one.

3. The polynomial ring K[z, ..., z,] has Krull dimension n. It is easy to see that dim g K[z1, ..., z,] > n,
but it takes some effort for the other direction.
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Chapter 7
Artinian Rings

Recall that a ring R is Artinian if its poset of ideals satisfies the descending chain condition, or equivalently
the minimal condition. For modules being Artinian and being Noetherian were in way dual. We will see that
for rings the Artinian condition is much stronger; in particular, we will see that Artinian rings are a special
type of Noetherian rings. While Noetherian rings come with a mild form of finiteness (finite generation of all
ideals), Artinian rings have a finite spectrum consisting only of maximal ideals. One may think of Artinian
rings a simultaneous generalization of finite rings and of rings which are finite dimensional vector spaces over
some field.

Remark 7.1. Every finite dimensional K-algebra is Artinian. This means that R is a finite dimensional vector
space, and every ideal is a K-subspace. Thus every chain must terminate.

Proposition 7.2. In an Artinian ring every prime ideal is mazimal.

Proof. Let R be an Artinian ring and p € Spec(R). Then R/p is an Artinian domain. Our aim is to show that
it is a field, so let 0 # = € R/p. Considering the descending chain (z) D (22) D ... we get that (z") = (2" *1)
for some n € N. So there exists y € R/p such that 2" = yz"*!. So we get 2™(1 — xy) = 0, and as R/p is a
domain, zy = 1. O

Corollary 7.3. In an Artinian ring the nilradical is equal to the Jacobson radical.

Proposition 7.4. An Artinian ring has only a finite number of maximal ideals.

Proof. Consider the set of all finite intersections of maximal ideals. Then, by the minimal property, this set has
a minimal element, say m; N---Nm,. We claim that these are all the maximal ideals: Let m be some maximal.
By minimality we must have

mOmyN---Nm, =mgMN---MNmy,.

Combining the above equality with m Nm; N---Nm,, € m we get from prime avoidance (Lemma 1.39) that
m; C m for some i, so, from the maximality of the ideal, m; = m. O

Proposition 7.5. In an Artinian ring the nilradical is nilpotent.

Proof. Let R be the Artinian ring. By the d.c.c we have there exists some n € N5 such that

n+k

( (o))”:(\/@) , VkeN.

n 2n n
Denote by I = ( (0)) and assume that I # 0. Notice that I? = ( (O)) = ( (O)) = I, and define

S:={JCR|JI#0}
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We have that I € ¥, it is thus not empty. So, as R is Artinian, ¥ must contain a minimal element. Let Jy €
be one such element. As JoI # 0, there exists a € Jy such that al # 0, equivalently (a)I # 0. So, as (a) C Jy,
by minimality we have Jy = (a). On the other hand, we also have (al)I = al? = al # 0, so al € ¥. Since
al C (a) = Jy, again by minimality, we have al = (a). This implies there exists b € I such that

a = ab.
Multiplying this equality repeatedly with b we obtain
a=ab=ab?=---=ab™=...
Asbel= \/@ we obtain that a = 0 - a contradiction. O

Theorem 7.6. A ring R is Artinian if and only if it is Noetherian of Krull dimension zero.
An alternative phrasing would be: R is Artinian iff and only if R is Noetherian and all prime ideals are maximal.

Proof. By Proposition 7.2 we have dim R = 0. By Proposition 7.4 Spec(R) = {my, ..., m,} for some r with
m; maximal ideals. Then, by Proposition 7.5, there exists some k € N such that

[T c (m) = (V@) =0

By Corollary 5.17, as R is Artinian it must also be Noetherian.

Since R is Noetherian, each ideal has a primary decomposition by Theorem 6.11. In particular, the zero
ideal has one, and thus R has only finitely many minimal primes. Since dim R = 0, all the minimal primes are
maximal ideals. So, this time by Corollary 6.13, we have that the nilradical is nilpotent, and using the same
argument as above we can use again Corollary 5.17. O

Corollary 7.7. A ring R is Artinian if and only if it has finite length as an R-module.

Proof. This follows from Theorem 7.6 and Proposition 5.12. O
Remark 7.8. If (R, m) is an Artinian local ring, then we have
1. Spec(R) = {m}.
2. /(0) =m.
3. m is nilpotent.
4. If x € A, then either z is nilpotent or z is a unit.
Examples. Z/(p"), K[e]/(€"), K[z, y]/ (=, 2y, y?).
Proposition 7.9. Let (R,m) be A Noetherian local ring. Ezactly one of the following statements are true:
(a) m™ £ m™*L for allm € N.
(b) m™ =0 for some n, in which case R is Artinian.

Proof. Suppose m"” = m"t! =m-m”. As R is Noetherian, m is finitely generated, and as it is local, m = Jx is

the Jacobson radical. So we may apply Nakayama’s Lemma 2.27 and obtain m™ = 0. To show it is Artinian,
we will use Theorem 7.6, and show that dim R = 0 by showing there are no other primes besides m: Let
p € Spec(R). Then m™ = 0 C p, so, taking radicals, we get m C p, i.e. m =p (because m is maximal). O
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Theorem 7.10 (Structure of Artinian Rings). A ring R is Artinian if and only if it is a finite direct product
of local Artinian rings. Furthermore, if R is Artinian, the decomposition as product of local Artinian rings is
unique (up to permutation of factors).

Proof. If R is a product of Artinian rings, as each ring can be regarded as an R-module via the canonical
projection, we get by Corollary 5.5 that R is Artinian as well.

For the other direction, assume R is Artinian. Since R has finite length as a module over itself, by the Jordan-
Holder Theorem we have that
R~ P Rnm

meSupp(R)

as R-modules. Since Supp(R) = Spec(R) = MaxSpec(R) and it is finite by Proposition 7.4, we have that

B BR.= [ Bw

meSupp(R) meMaxSpec(R)

Furthermore, the isomorphism was given as the sum of the localization maps R — Ry,, which are all ring
homomorphisms, so we conclude.

Finally, let us prove the uniqueness. Assume R = [[;_; R; with (R;,q;) Artinian local rings. We have the
natural surjection ¢; : R — R; for each ¢ = 1,...,n and let us denote by I; := Ker ¢;. So we have R; ~ R/I;
with ¢ : R — [["_, R/I; given by ¢(z) = (x+11,...,2+I,) which puts us in the situation of Proposition 1.37.
As ¢ is bijective, we get by this proposition that I; + I; = R for any i # j (from surjectivity) and (), I; =0
from injectivity.

Let m; := ¢~!(q;). As the preimage of a prime is prime, m; is prime, and because R is Artinian it is also
maximal.

Claim: [; is m;-primary.

For this, as m; is maximal, it is enough to show /I; = m;. Let x € /I;. So, there exists r such that =" € I,,
that is, such that ¢;(z") = ((bz(as))r = 0. But g, is the nilradical of R;, so ¢;(x) € q;, that is z € m;.

Now, since (), = (0), we have a primary decomposition of the zero ideal in R. Since the I; are pairwise coprime,
so are the my;, thus they are exactly the minimal primes or R. Hence, by the second uniqueness theorem of
primary decompositions (Theorem 4.16), all the isolated primary components of I; are uniquely determined by
I;. Hence the rings R; = R/I; are uniquely determined by R. O]

In general, for any local ring (R,m), if £ = R/m is the residue field, we have that m/m? is a K-vector space.
Using the canonical projection m — m/m?, we have that if m is finitely generated, then dimgm/m? < oc.
Recall that the local version of the Nakayama Lemma (Proposition 2.32) says that in the finitely generated case
the dimension is equal to the cardinality of (any) minimal set of generators of m.

Proposition 7.11. Let (R,m) be an Artinian local ring. The following are equivalent:
(a) Fvery ideal in R is principal.
(b) The mazimal ideal m is principal.
(c) dimgm/m? = 1.
Proof. | (a)=(b) | is trivial.
(b)<(c) | is given by Nakayama for local rings.
(b)=(a) | Say m = (z), and let I C R be an ideal different from (0) or (1). Since (R, m) is an Artinian local
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ring, we have by Remark 7.8m = /(0), so there exists some n € N such that m™ = (0) C I. As I C m, there
must exist some k£ € N such that

I Cwk = (2% and I ¢ mF! = (2F+1),

So there exists y € I and r € R such that y = 7 - 2, with r ¢ () = m. So 7 is a unit (by Remark 7.8) and thus
ok =r~ly € I. SomF = (2¥) C I C m*, thus I = (2*) is principal. O
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Chapter 8

Integral Dependence

8.1 Basics

Let R be a subring of S' (recall that subrings must contain 1.)

Definition 8.1. An element s € S is integral over R if it is the root of a monic polynomial with coefficients
in R, that is if there exists n € Nyg and r¢,...,r,_1 € R such that

§" 18" s+ = 0. (8.1)
In this case (8.1) is called an equation of integral dependence of an integral equation of s over R.

Examples. 1. Every element of R is integral over R.

2. Let a/b € Q, with ged(a,b) = 1, is integral over Z then there exist co, . ..,c,—1 € Z such that
a" 4 cp1a” 4 - F cpab™ 4 b =0,

so b divides a, thus it can only be 1 or —1. So the only integral rational numbers over Z are the integers
themselves.

3. The elements of Q[i] integral over Z are the Gaussian integers.
4. The complex numbers integral over Z are called algebraic integers.
5.

Proposition 8.2. Let R be a subring of S, and s € S. The following are equivalent:

The element s is integral over R.

(a)

(b) The R-algebra R][s| generated by s is a finitely generated R-module.
)
)

There exists a subring S" of S such that R[s] C 58" C S, and S’ is a finitely generated R-module.

(c

(d) There exists a faithful R[s]-module M which is finitely generated as an R-module.

Proof. | (a)=>(b) | Assume that s™ 47, _1s" ' +---+r;s+7ry = 0. So for every k > 0 we get s"T* as an R-linear
combination of the first n powers of s. Thus R[s] = Spang(1,...,s""1).
(b)=(c) | Take S" = RJ[s].

(c)=(d) | Take M = S’. This is faithful, as 1 € S’
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(d)=(a) | This follows from Cayley-Hamilton (more exactly from Corollary 2.25): Take the finitely generated

R-module M, multiplication by s as the endomorphism ¢ € Endg(M), and I = R as the ideal for which
@(M) C IM. The latter holds, since M is an R[s]-module, so sM C M. So we have by Corollary 2.25 that
there exist rq,...,7,_1 € R such that " +r, 19" 1+ - +r@+rgidy = 0. Since M is faithful, we conclude
that the same must hold for s. O

Corollary 8.3. Let R be a subring of S, and s1,...,8, € S be integral over R. Then the ring R[s1,...,Sn] is
a finitely generated R-module.

Proof. Induction on n. O

Corollary 8.4. Let R be a subring of S. The set
C={se€S|s isintegral over R} (8.2)
forms a subring of S which contains R.

Proof. Let s1,s9 € S be integral over R. It is enough to show that s; + s; and s;s2 are also integral. By
Corollary 8.3 the R-algebra R|[s1, s3] is a finitely generated R-modules. As it contains s; & s and s1s2, we
conclude by Proposition 8.2 (c). O

Definition 8.5. Let R be a subring of S.

1. The ring C from (8.2) is the integral closure of R in S.
2. If C = R, then R is called integrally closed in S.
3. If C =85, then S is called integral over R.

4. A domain R is simply called integrally closed (without mentioning where) if it is integrally closed in its
field of fractions.

More generally, if f: R — S is a ring homomorphism, so S is an R-algebra, we have:

4. if S is integral over f(R), then the morphism f is said to be integral, and S is called an integral R-algebra.

Remark 8.6. Recall that an R-algebra S is finiteif it is finitely generated as an R-module, and of finite type
if it is finitely generated as an algebra. So, essentially we have proved that for algebras we have:

finite type + integral = finite.

Corollary 8.7. If R C S C T are three rings, and S is integral over R and T is integral over S, then T is
integral over R.

Proof. Let t € T. Since T is integral over S, we have s1,...,s, € 5 such that
t" Fst" s, = 0.

Let S’ = RJ[s1,...,8,). Then, t is integral over S’, so S’[t] is a finitely generated S’-module. By Corollary 8.3,
S’ is a finitely generated R-module. By Proposition 2.48 we have that S’[t] is a finitely generated R-module, so
we conclude by Proposition 8.2. O

Corollary 8.8. Let R C S be rings, and C be the integral closure of R in S. Then C is integrally closed in S.
Proof. If s € S, is integral over C, then by Corollary 8.7 s is integral over R, so s € C. O

The next result shows that integral dependence is preserved by quotients and localizations.

83



Proposition 8.9. Let R C S be rings. Let J C S be an ideal and I = I° = JN R its contraction. Let also U~?
be a multiplicatively closed set of R.

(a) If S is integral over R, then S/J is integral over R/I and U~'S is integral over U™ R.

(b) If C is the integral closure of R in S, then U~'C is the integral closure of U"*R in U~1S.

Proof. (a) Take s € S, with the equation 8™ + 718"~ +--- 47, = 0. Then moding out I solves the first part,
and taking r; /u* gives the equation for s/u.

(b) By the first part U~1C is integral over U"'R. So let s/u € U—1S be integral over U~'R. That is we

have .
sn ry sn— Tn
- +— +-.--4+—=0.
u UL U Up,

Multiplying the above equation with (w - wuq---u,)™ gives an integral equation of suj...u, over R, so
sup...u, € C, and hence > = >ul—mn ¢ Uu-ic.

UUT ... Uy,

O

8.2 The Going Up Theorem

Proposition 8.10. Let R C S be domains, with S integral over R. Then S is a field if and only if R is a field.
Proof. Let 7 € R\ {0}, which has an inverse r—! € S, which is a field. As S is integral over R, we have

(r " +a(r )™+ 4 a, =0,

1

with a; € R. Multiplying the above by r™~" one gets

rl=—a;—agr—- - —an,r™ ' € R.

Let s € S\ {0}, and consider an integral relation of minimal degree:
s 4, =0

As S is a domain, r,, # 0 (otherwise, we have s a common nonzero factor, and then use that R is a field to
obtain an integral dependence relation of smaller degree). Then we get

S - (7“;1(7"18"_1 + -+ T’nfl)) = 1.
So s is invertible. O

Corollary 8.11. Let R C S be rings with S integral over R. Let q € Spec(S) and p = RNq. Then q is mazimal
if and only if p is maximal.

Proof. By Proposition 8.9 we have the domain S/q integral over the domain R/p, and we conclude by Propos-
ition 8.10. |

Corollary 8.12. Let R C S be rings with S integral over R. If q,q" € Spec(S) with q C q' and qN R =q' NR.
Then q =q'.

Proof. Denote by p := q N R. By Proposition 8.9 S, is integral over R,. Now p® € R, is maximal, and it is
p° =q°N R, =q°NR,. We conclude by the description of ideals in the localization and Corollary 8.11. O

Theorem 8.13. Let R C S be rings with S integral over R, and let p € Spec R. Then there exists q € Spec S
such that p =qN R.
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Proof. Consider the commutative diagram with injective horizontal arrows (because R is a subring).

R—— S

L

R, —— S,

Let n be some maximal ideal of S,. By Corollary 8.11 n N R, is also maximal, so it must be p® - the unique
maximal ideal of R,. Taking the vertical contraction of n in S we get a prime ideal ¢ C S, whose contraction
(by commutativity of the diagram) is the contraction of p¢, which is p. O

Theorem 8.14 (Going Up). Let R C S be rings with S integral over R, and letp € Spec R. Let0 <m < n € N,
p; € Spec R fori=1,...,n and q; € SpecS for j =1,...,m with the property that

pj:q]‘ﬁR, ijl,...,m,
and with the chains of primes:

pm C ... C Pn
dm

P1
q1

NN
NN

Then, there exist qum+y1,---,qn € SpecS with q; "R =yp; foralli=m+1,...,n and

Proof. Using induction, the whole theorem can be deduced from the case m = 1 and n = 2. Using Proposition 8.9
we reduce the statement to a statement about R/p; and S/q;. Then we use Theorem 8.13 to deduce the existence
of g5, C S/q;1, and then the correspondence between Spec.S and Spec S/q; to conclude. O

8.3 The Going Down Theorem

In this part we focus on integral domains, for which being integrally closed (in their field of fractions cf.
Definition 8.5) is a local property.

Proposition 8.15. Let R be an integral domain. The following are equivalent.
(a) R is integrally closed.
(b) R, is integrally closed for every p € Spec R.

(¢) Ry is integrally closed for every m € MaxSpec R.

Proof. Let C be the integral closure of R in (R\ {0})"!)R. Thus we have an injective map R < C. Thus
being integrally closed is equivalent to the map being surjective. Combining now Proposition 8.9 part (ii) with
surjectivity being a local property (Proposition 3.16) we conclude. O

Definition 8.16. Let R C S be rings and I C R be an ideal. An element s € S is called integral over [ if it
satisfies an equation of integral dependence

s"+as" P+ 4a,=0, witha eIVi=1,...,n.
The integral closure of I in S is the set
I1:={s €S| sis integral over I}.
Notice that one has to be careful when using this notation, as the closure depends on S. If no S is mentioned,

then we understand that S = R.
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Lemma 8.17. Let R C S be rings, I C R be an ideal of R and let C be the integral closure of R in S. Denote
by I°¢ the extension of I in C and by I the integral closure of I in S. We have

I=VIe.
Proof. If s € C is integral over I, then we have a1, ...,a, € I such that
"+ aps" M+ 4 a, =0,

so s" € I°¢.

Let s € \/F, so there exists n € N such that s™ € I°, that is s = 27{:1 a;s; with a; € I and s; € C. Since
all the s; are integral over R, we have by Corollary 8.3 that M = R[s1,...,s,| is a finitely generated R-module.
So we have 2" M C IM, so byCayley-Hamilton (Corollary 2.25 (a)) we have that s™ is integral over I, thus also
s is integral over 1. O

Proposition 8.18. Let R C S be domains, with K= the field of fractions of R, and let I C R be an ideal.
Assume that R is integrally closed, and that s € S is integral over I. Then s is algebraic over K, and if its
minimal polynomial over IC is

"+ a4+ Fay

, then a; € VI fori=1,...,n.

Proof. Clearly s is algebraic over K. Let’s now consider an extension field  C £, with the property that all the
conjugates of s (i.e. the other roots of the minimal polynomial), say s = s1,..., s, belong to L. So, as all these
conjugates satisfy the same equation, they are all integral over I. The coefficients of the minimal polynomial
can be expressed as sums of products of the s; (actually as the elementary symmetric polynomials evaluated at
the s;). So, by Lemma 8.17 they all belong to VI¢. But since R is integrally closed, I = I¢. O

Theorem 8.19 (Going Down). Let R C S be integral domains, with R integrally closed (in its field of fractions)
and S integral over R. Let 0 < m <n €N, p; D -+ D p, be a chain of prime ideals of R, and q1 2 q be a
chain of prime ideals of S such that

GNR=p;, Vi=1...,m.

The chain q1 2 g can be extended to a chain q1 2 qm 2 -+ 2 qy, of primes of S such that q; N R =p; for all
j=m+1,...,n.

Proof. By induction, we reduce (again) the proof to the case m = 1 and n = 2. We want to show that ps is the
contraction of a prime of Sy, . By Proposition 3.28 it is equivalent to proving that ps® = (p5)° = (Sg, -p2)NR = p2,
which by Proposition 1.44 boils down to the inclusion from left to right. So choose one element > € §4, - pa.
We have s

Sas ~p2:{a |a€e S -psand ue S\ qi}.

So s is integral over po by Lemma 8.17. By Proposition 8.18, we have that s is algebraic over K - the field of
fractions of R - with minimal polynomial

s"4+ais" 4+ 4+ a, =0, with a; € /p2 = po. (8.3)
Assume furthermore, that x = > € S;,p2 N R. Then, computing in K, we have u = sx~h.

minimal algebraic expression of u over K by multiplying (8.3) by ™ ":

So, we obtain a

(s +arz sz 4 barTm = 0 (8.4)
Ut b b, = 0 (8.5)

where b; := a;2~* € K, thus 4
bixlzaiepg, Vi=1,...,m. (86)
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But w € S is integral over R, and applying Proposition 8.18 with I = (1) we get that each of the b, must
actually belong to R.

Assume now that = ¢ py. Then by (??) we have b; € po for all 4 =1,...,7. So by (8.5) we have that
u" €S -p CSp1 Cp

thus u € q; - a contradiction to u € S\ ¢;.
Hence = € po and we conclude. O

8.4 Noether Nomralization

Let K be a field and A be a K-algebra. A set of elements y1,...,y., € A are algebraically independent, if
they do not satisfy any polynomial equation with coefficients in K. In other words, if

VfeKx,....xml, f#0= flyr,...,ym) #0.

This is equivalent to the evaluation map evy, ., Klzi,...,2m] — Kly1, ..., ym] being an isomorphism.

Throughout the literature, there are different formulations of Noether Normalization to be found. You are
strongly encouraged to check them out and understand how they connect ([AM69, Chapter V, Exercise 16,
p.69], [Eis95, Theorem 4.14, p.127], [AK17, Lemma 15.1, p.108]. We will present here the version we find to be

most friendly, which can be found in [Hul03, Theorem 1.24, p.30]:

Theorem 8.20 (Noether normalization). Let K be an infinite field and A = Klaq, . .., a,] be a finitely generated
K-algebra. Then there exist yi,...,Ym € A, with m < n such that

(@) y1,...,Ym are algebraically independent over K, and

(b) A is a finite K[y, ..., ym]-algebra.
We consider the following lemma, the proof of which we refer to [Hul03, Lemma 1.23].

Lemma 8.21. Let 0 # f € K[z1,...,2,] be a polynomial of degree d. There exist aq,...,a,—1 € K giving a
change of variables
=x; —o;xy, Vi=1,...,n—1,

!
€Ty

d

such that the polynomial f(x} + a1y, ..., xh_1 + Qn_1Zn,xn) € K[z, ..., 2, _1, 2] as a term of the form cxl

with ¢ € K\ {0}.

We give only an example instead of a proof: Let f = x1xo — zoxs + 1 + x2 + x5 € K[z1, 22, 23], S0 n = 3 and
d = 2. We can choose for instance a; = —1, as = 1 and obtain:

fld — a3, 25 +x3,23) = (2] —x3)(ah + x3) — (w5 + x3)23 + 2] — X3 + 25 + 23 + 13

2 !/ / ! !/ / / /
= —2x3+ 21173 — 225%3 + T Ty + T + Ty + Ty + Ty

Notice that any choice with a; # 1 would have worked. The point is, that “most” of the changes of variables
give us the result we want.

Proof. Consider the ring homomorphism from the polynomial ring in n variables to A:
eva : Kz, ... 2] — Klag, ..., a,] = A,

and define I := Ker(evy). If I = 0, then m = n and y; = a; and we are done. For the nontrivial case, let
0 # f € I and use induction on n.

we have f(a;) =0 and we conclude by Proposition 8.2 taking m = 0.
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and the result holds for n — 1. By Lemma 8.21 there exist a1,...,a,—1 € K, such that setting

ai = a; — azan, and A" :=Klaj,...,a,_;] C A, we have some ¢ € K\ {0} and the monic polynomial

1
F(x,) = Ef(a’l + 01Ty Ay F Q1T Ty) € Allzy]

As F' is monic, and F(a,) = 0 by construction (because f € Kerev,), we have that a,, is integral over A’. Now,
by the inductive hypothesis for A’ we get there exist y1,...,ym, € A’ with

(a) y1,...,Ym are algebraically independent over K,

(b) A’ is a finite K[y, . .., ym]-algebra.

So we have K[yy,...,ym] € A’ C A = A’la,] and we conclude by Proposition 2.48 (or by Proposition 8.7) we
have that A is a finite K[yy, ..., ym]-algebra. O

We will see later on how this concept relates to dimension.
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Chapter 9

Graded Rings and Modules

Definition 9.1. A graded ring is a ring R together with a family (R,,),>0 of subgroups of the additive group
of R, such that
R=@R; and R;-R;CRy; VijeN
ieN
The direct sum is thus of Abelian groups, but, by the grading of the multiplication, Ay is a subring of A and

each A; is an Ag-module. An important class of such objects will have Ay = K, thus all the graded components
will be vector spaces.

The subgroups R; are called the graded components of R. A homogeneous element of R is simply an
element of one of the graded components R;. In this case we call i := deg(f) the degree of the homogeneous
element. (We will not talk about degree for nonhomogeneous elements in this setting). A homogeneous ideal
(or graded ideal) is an ideal of R which can be generated by homogeneous elements. Note that homogeneous
ideal contain many nonhomogeneous elements! They may also have nonhomogeneous sets of minimal generators.

So, for every element f € R, there exist unique f; € R;, with only finitely many f; # 0, such that
F=Y f
1€N
The f; are called the homogeneous components of f.
There is a special homogeneous ideal of R, called the irrelevant ideal of R:

R+ = @ RZ
>0

(It plays actually an important role, but it will be “irrelevant” when looking at the corresponding locus in
projective geometry).

Remark 9.2. One can easily replace N with any semigroup with identity and still have a similar theory. In
particular, gradings over Z, and Z" are interesting.

Example 9.3. The prototype of graded rings is the polynomial ring with coefficients in a field S = K[z, ..., 2,],
with the standard grading by degree:
S=505 ...

where Sy is the K-vector space of homogeneous polynomials of degree d. This ring also accepts “finer” gradings,
the finest being the one over N™ (or Z™ with components with negative entries 0) with

Sa = Spang (x®), VaeN.

What are in the Z"-graded setting the homogeneous ideals?
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Remark 9.4. Let I C R be a graded ideal with homogeneous generators f1,..., fs. If f € I is homogeneous,
then we can write

f= Zg,;f,- with g; homogeneous and deg g; = deg f — deg f;.

Indeed with you can use nonhomogeneous GG; to get the linear combination, it is enough to take the components
of the G; of the right degree. The others have to cancel out anyway.

Definition 9.5. Let R be a graded ring. A graded R-module is an R-module M together with a family of
subgroups M; such that
M=@M; and R; M;C My VijeN.
1EN

Thus, each M; is also an Ag-module. Just as before, we have homogeneous elements, graded components,
degree, etc.

Definition 9.6. For M, N are graded R-modules, a homomorphism of graded R-modules (or a graded
R-linear map) (of degree zero) is an R-linear map f : M — N such that

Proposition 9.7. Let R be a graded ring. The following are equivalent:

(a) R is a Noetherian ring.

(b) Ro is Noetherian and R is a finitely generated Rg-algebra.

Proof. | (a)=(b) | Ry = R/ R+, hence Noetherian by 6.1.

Since R is Noetherian, then R, is finitely generated. Let (fi,...,fr) = Ry. We may assume all the f; are
homogeneous, of degrees dy,...,d, respectively. Clearly we can choose them such that d; > 0 for all i. Let
R’ := Rolf1,..., fr]. We prove by induction on n € N that R, C R'.

n = 0 holds trivially.

n > 0 and assume R; C R’ for i < n. Let f € R,,, so f € R, thus it is a linear combination

f=Y aifi, with deg(a;) = deg f — deg f:.

i=1
So, by the inductive hypothesis, all the a; are polynomial expressions in f1, ..., f, with coefficients in Ry. Thus
so is f.

(b)=(a) | Is a consequence of the Hilbert Basis Theorem 6.6. O

9.1 Filtrations
Definition 9.8. Let M be and R-module. An (infinite) chain of submodules of M
M=My2M2---2M,2...

is called a filtration of M. We will write it compactly as (M, )nen. Let I C R be an ideal. A filtration is called
I-filtration if IM,, C M, 41 for all n. A filtration is a stable [-filtration if there exists ng € N such that

IMn:Mn+1 VnZnO

Example 9.9. (I"M),en is a stable I-filtration.
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For any (not necessary graded) ring R and any ideal I C R we can form the following graded ring called the
blowup algebra of [ in R
R* = EB .

neN
For any R-module M and any I-filtration (M, ),en of M, then

M* = @Mn
neN

is a graded R*-module, since I"™M,, C M,,,1+n,. If R is Noetherian and I = (a4, ...,a,), then R* = R[aq,...,a,]
and is thus also Noetherian (as a consequence of the Hilbert Basis Theorem).

Lemma 9.10. Let R be a Noetherian ring with an ideal I C R, and let M be a finitely generated R-module
with an I-filtration (My,)nen. The following are equivalent:

(a) M* is a finitely generated R*-module.
(b) The filtration (Mp)nen is stable.

Proof. Each M, is finitely generated (as a submodule of the Notherian module M). So is then

Qn =P M.
i=0
This is a subgroup of M*, but not necessarily an R*-submodule. We have
M :=Spanp. Q, =My @--- &M, ®IM, SI*’M,, ®--- Da"M, ...
Since @y, is a f.g. R-module, M is a f.g. R*-module. So we get an ascending chain C*:
M; C My ...

The union of this chain is M™*, so if it becomes stationary, it becomes stationary at M™.
Since R* is Noetherian we have the following equivalences

M* is af.g. R*-module < C* is stationary
& dng € N such that M* = M,
< dng € N such that My, =1"M,, Vr>0
< the filtration is stable.

O

Lemma 9.11 (Artin-Rees). Let R be a Noetherain ring, I C R and ideal, M a finitely generated R-module,
and (My,)nen a stable I-filtration of M. If M' C M is a submodule of M, then (M'NM,) is a stable I-filtration
of M'.

Proof. We have I(M' N M,) C IM' NIM, C M’ N M,41, so we have an [-filtration of M’'. So we have
(M')* is an R*-submodule of M*. Since R* is Noetherian and the filtration is stable, by Lemma 9.10 M* is
finitely generated, thus Noetherian, thus (M’)* is also finitely generated, and we apply Lemma 9.10 again to
conclude. O
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9.2 The Associated Graded Ring

Let R be a ring and I C R an ideal. We set
gy, R:=R/I®I/I*®...
The multiplication in gt; R is given as follows:
[a] € I™/T™ Y [b) € I™ /I define [a] - [b] := [ab] € I+ /™ FL
More generally, for an R-module M we can do the same for an I-filtration Z := (M,,),en and define
gtz M = P My /M, 4.
neN
This is a graded gr; R-module in a natural way:
lally] = lay] € Minin/Mmini1, ¥ la] € I™/I™ [y] € M /My
This works because we have an [-filtrarion.

Proposition 9.12. Let R be a Noetherian ring and I and ideal of R. We have

(a) gty R is Noetherian.
(b) If M is a finitely generated R-module, and T = (M,,) is a stable I-filtration of M, then gtz M is a finitely

generated gr; R-module.

Proof. (a) Since R is Noetherian, then [ is finitely generated I = (aq,...,a,). Denote by a; the equivalence
classes of the a; in I/I5. Then we have

g, R=(R/Dd1,...,d]
Since R/I is Noetherian (by Proposition 5.9) we conclude by Corollary 6.8 of the Hilbert Basis Theorem.

(b) Let ng € N be such that M, = I*M,, for all k > 0, hence gt;M is generated by EBn<nO M, /Mp4q.
Each M,, /M, 1 is Noetherian and annihilated by I, hence a finitely generated R/I-module. So the whole
sum €P,,<,,, Mn/Mp 1 is finitely generated as an R2/I module, so the whole gtz M is a finitely generated
gryR-module.

O

In the particular case in which I = m is maximal, we obtain that the associated graded ring is an algebra over
a field (finitely generated if I is).

9.3 Krull Intersection Theorem

We get the next result actually as a corollary of the Artin-Rees Lemma.

Theorem 9.13 (Krull Intersection Theorem). Let I C R be an ideal in a Noetherian ring R. If M is a finitely
generated R-module, then there exists an element r € I such that

1=r)((I'M) =0.
Jj=1
In particular, if R is a domain or a local ring, and if I is aproper ideal, then

ﬂ]jzo.

j>1
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Proof. By the Artin-Rees Lemma applied to the submodule M’ = j>1 1 IM C M, and the I-adic filtration
(I"M),en, there exists an integer ng such that -

ﬂp‘M = ﬂIjM NIt

j>1 j>1

I ﬂIjM N [rot!

Jj=1

I ﬂﬂM

Jj=1

So the first statement follows by Corollary 2.25 (b) of the Cayley-Hamilton Theorem.

For the second part, take M = R, and it will be enough to show that 1 — r is a nonzerodivisor. Since I is
proper, we have 1 —r # 0, so we are done if it is a domain. If (R, m) is local, then, I C m, so r € m, and thus
1 —r is a unit. O

Corollary 9.14. Let R be a Noetherian local ring, and let I be a proper ideal of R. If gt/ R is a domain, then
R is a domain.

Proof. Hard exercise. (Check [Eis95, Corollary 5.5]). O

The whole point of these constructions is that graded rings are “easier” to study, because they have more
structure. The theory of Hilbert functions is one such example.

9.4 Hilbert Functions

Let R = @,y Ri be a Noetherian graded ring. We have thus that Ry is also Noetherian, and R = Ro[ay, . . ., as),
with a; homogeneous of degrees d; > 0.

Let M = @,y M; be a finitely generated graded R-module. Then we can generate M also by a finite number
of homogeneous elements: my, ..., m;, with degm; = r;.

We will introduce Hilbert functions of graded modules over the polynomial ring (thus in particular for graded
quotients over the polynomial ring). In [AM69] there is a more general treatment, but I find this introduction
friendlier. So let from now on K be a fixed field, n € N5y and S be the polynomial ring:

S =Kz, ..,z

Definition 9.15. Let M = P,y be a finitely generated graded S-module. The numerical function HF; :
N — N given by

is called the Hilbert function of M.

Note that all these dimensions are finite: if M, were not finitely generated over K as we would get @, M;
would not be a finitely generated S-module of M, and thus M would not be Noetherian - a contradiction.

Hilbert’s insight was that this infinite series of information can be encoded in a finite way:

Theorem 9.16 (Hilbert). If M is a finitely generated graded S module, then there exists a polynomial HP s (t) €
Z[t], with deg HPyy < n — 1, and a natural number iy € N, such that

HF (i) = HP(3), Vi > do.
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Definition 9.17. The polynomial HP,; from Theorem 9.16 is called the Hilbert polynomial of M.

Definition 9.18. For a graded R-module M = P,y M; and a d € Z we define the d-th twist of M as the
R-module M (d), which is isomorphic to M as R-modules, but has a different grading, with graded components
shifted by d:

Z\f(d)z = Md—i—i-

The reason for doing this is mainly to keep track of graded components. One can formally imagine that we are
now working in a new category, in which the objects come with a grading, and the only maps allowed now are
homogeneous and map degree component to same degree component. For instance, multiplication by a linear
form would not be a homogenous homomorphism of degree 0, unless we shift the grading of M by -1.

Definition 9.19. A numerical function F' : Z — Z is called of polynomial type (of degree d) it there exists
a polynomial P € Q[t] (of degree d) such that F(i) = P(i) for all n > 0. (Convention: the degree of the zero
polynomial is -1)

The difference operator A on the set of numerical functions is given by
(AF(i)=F(i+1)—F(), VieZ

The d-times differential operator is defined recursively, and denoted by as AYF. (with the convention that
A'F = F).

Lemma 9.20. Let H : N — Z be a numerical function and d € N. The following are equivalent:
(a) AYF(i) =c,c#0, for all i > 0.
(b) F is of polynomial type of degree d.
Proof. We use induction on d. If d = 0, it is trivial. Assume d > 0. We have
AF(i) = ATYF(i+1) = F() =¢,c #0, Vi> 0,
so by induction there exists a polynomial p € Q[t], of degree d — 1, and an iy € N such that

F(i+1)— F(i) = P(i), Yi>ip.

But then )
F(i+1) = F(io) + Y _ P(k),
k=io
and the last sum is a polynomial function of degree d.
(b)=(a) |- clear. O

Of Theorem 9.16. We will use induction on n, the number of variables in S.

If n = 0, then we just have a finite dimensional K-vectors space. So HP/(t) = 0.

Let J be the kernel of multiplication by z,. So we get an exact sequence of graded vectors spaces with maps of
degree zero:

0 —— J(-1) — M(-1) -2+ M —— M/x,M —— 0.
Taking the component of degree 7 in each term, and using 2.41 for the additive function dimg we have
HF (i) = HFp (i — 1) = HF pp/5, 0 () — HE (3 — 1).
Now both J and M/x, M are finitely generated K[z1,...,2,_1]-modules. By induction, the terms on the
right-hand side are thus of polynomial type of degree at most n — 2. We conclude by Lemma 9.20. O
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The trick is, that we may replace dimg with other additive functions, so that we may generalize Hilbert functions
to more abstract settings, where a field is not at hand. Let A be an additive function on the category of finitely
generated Rop-modules (cf. Definition 2.40). The Poincaré series with respect to A of a finitely generated
graded R-modle M is the generating function of n — A(MM,,), that is

HSA(M, 1) := Y MM,)t" € Z[[t]].
neN

Theorem 9.21 (Hilbert-Serre). Let R = @,y R; be a Noetherian graded ring, generated as an Ro-algebra by
the s elements of degrees dy, .. .,ds € Nxg, and let M = @,y M; be a finitely generated graded R-module. Then
the Poincaré series of M is a rational function in t. To be more precise: there exists a polynomial h(t) € Z][t]
such that

HS)\(M,t) = Hs_lf(it)td)

Proof. We prove this by induction on s, the number of generators of R as an Ry-algebra.

This means R = Ry, so M is a finitely generated Rp-module, so M,, = 0 for n > 0. Thus HS, (M, t) is
already a polynomial.

Assume the statement is true for s — 1. For every n € N, multiplication by x,

Tg @ Mn — Mn+ds
is Ro-linear. So, by taking kernel and cokernel we obtain an exact sequence

0 K, M, —=% M, a4, Lnpya. 0. (9.1)

Now take the graded modules @,, .y Ky and €, .y Ln. They are both finitely generated R-modules, because
they are a submodule, respectively a quotient module of M. We also have by definition zs € Anng K and
zs € Anng L. So we can view both as modules over R’ = Ry[z1,...,xs_1]. Applying the additive function A
0 (9.1) we get

A(Kn) = AMn) + A Mna,) = MLpta,) =0

Multiplying now with t"*% and summing up with respect to n we get

—ts ( Z)\ +Z)\ td.) t"+ds—Z)\L + dg )t s — Z/\ yentds,

n=0

Adjusting for the right parameters, and adding and subtracting the first d; summands of the Poincaré series
where necessary, we get
(1~ t%)HSx(M, 1) = HSA(L, 1) — t* HS\(H, 1) + g(t)

and we conclude by induction. O
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Chapter 10

Dimension Theory

We will only briefly mention a few things here. Let us start with what we expect from a dimension function.
As opposed to other mathematical invariants, dimension is deeply rooted in our intuition of the “real” world.
So it is appropriate to start with a list of requirements, which we will call here Axioms of Dimension. We refer
the reader to [?, Chapter 8] for a much better overview.

(D
(D
(D
(D

1)
2)

3)
"

Dimension is a local property.
Dimension is immune to nilpotent elements.
Dimension is preserved by maps with finite fibers.

The dimension around a point in n-space is n.

Let us now be a bit more precise, and translate this wish-list into (slightly) more precise statements.

1 Dimension is a local property. Think of a union of some planes and some lines and a few points not

contained in either. View this object as one object. Clearly, dimension is not the same everywhere on
it, but, as it contains planes, it should say it is 2-dimensional. The point of this first axiom is, that
dimension is not everywhere the same. It should be defined locally, and the global dimension should be
the supremum of the local ones. In other words,

dimR = sup dimR,
pESpec R

and as completion is even more local than localization, we should also have
dim R = dim R.

Dimension is immune to nilpotent elements. The point here is that nilpotents in geometry may be though
of as elements which describe some infinitesimal behaviour. (Infinitesimals are these tiny “numbers”. So
tiny, that if you multiply them with themselves a few times there is nothing left). So nilpotents, while
they do have a meaning, they should not contribute to dimension. More precisely:

If I is nilpotent, then dim R = dim R/I.

Dimension is preserved by maps with finite fibers. In a general geometric context, the fibers of a geometric
map are also geometric objects. If the map is well-behaved, then the dimension of the source should be
the dimension of the image + the dimension of the fibre. As points should be zero-dimensional, if the
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fibre is finite (thus a finite union of points), then the dimensions of image and source should be equal. In
algebraic terms, we phrase this as follows:

If o : R — S turns S into an integral R-module, then dim R = dim S.

This requirement brings in the connection between Noether normalization and dimension.

4 The dimension around a point in n-space is n. This is pretty straight forward. It just means

dimK[zq,...,2,] = dimK[[z1, ..., 2,]] = n.

With a guideline in place, we can say now what the “right” definition of dimension for commutative rings is:
Krull dimension (cf. Section 6.3):

dimg . R = sup{k € N | there exists prime ideals pg C --- C pp} € NU {oo}.

Theorem 10.1 (Dimension Theorem). Let (R, m) be a Noetherian local ring. The following three integers are
equal

(a) The maximum length of a chain of prime ideals in R.
(b) The degree of the Hilbert Polynomial of gt R.

(¢) The least number of generators of an m-primary ideal of R.

The above integer is the dimension of the Noetherian local ring. One useful application of dimension is the
algebraic definition of smoothness. To this aim we have the following.

Theorem 10.2. Let (R,m) be a Noetherian local ring, with K = R/m. Assume that the Krull dimension of R
is d. Then the following are equivalent:

(a) gt R ~Klt1,...,t,].
(b) dimg m/m? = d.

(c) m can be generated by d elements.
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Chapter 11

Completions

A topological Abelian group is a topological space with a compatible commutative group structure, i.e. the
maps

GxG — G (rv,y)—x+y
G — G vV —x

are continuous.

In general, such a group is not necessarily Hausdorff. As we have that Hausdorff is equivalent to {(z,z) : = € G}
being closed in G x G, we get that a topological Abelian group is Hausdorff if {0} is closed in G. (This makes
its preimage closed in G x G under (z,y) — = — y.

For a fixed element g € G, the translation T, : G — G with Ty(z) := « + g, is a homeomorphism with inverse
T_,4. Hence if U is a neighborhood of 0 in G, then U + g is a neighborhood of g in G, and every neighborhood
of g appears this way. So the topology of G is uniquely determined by the neighborhoods of 0.

Lemma 11.1. Let H be the intersection of all neighborhoods of 0 in G. Then:

(
(

a) H is a subgroup of G.

)
b) H is the closure of {0}.
(¢) G/H is Hausdorff.

)

(d) G is Hausdorff if and only if H = 0.

Proof. (a) First, note that 0 € H.
Second, as x — —z is continuous and self-inverse, we get that

U is a neighborhood of 0 < —U is a neighborhood of 0

So if z is in all, then —x is in all.

Third, let z,y € H, and let U be an arbitrary neighborhood of 0. Since (z,y) — = +y is continuous, there
exists a neighborhood Uy x Us in G x G of (0,0) such that +(U; x Us) C U. In the product topology,
Uy x Us is a neighborhood (of (0,0)), if and only if Uy, Us are neighborhoods (of 0). So, as z,y € H, we
have z,y € Uy, Us, so (z,y) € Uy x U maps to z +y € U.

(b) We have 2 € {0} < {0} NV # (), V neighborhood V' > z. < 0 €  — U, V neighborhood U 3 0 < 2 € H.

(c) We still have a topological Abelian group G/H, so, as all points (i.e. all cosets) are closed we have a
Hausdorff space. (Notice that for arbitrary topological spaces, closed points just implies T3, but not T5.
E.g. N with the cofinite topology.)
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(d) <« follows from the previous point. = Hausdorff implies 77 which is equivalent to all points are closed,
so {0} ={0} = H.
O

Definition 11.2. A Cauchy sequence in a topological group G is a sequence (2, )nen of elements of G, such
that for every neighborhood U of 0, there exists an integer ny such that

i — Tj EUVi,jan.
Two Cauchy sequences are said to be equivalent if their difference converges to zero, that is
(zn) ~ (yn) & V0 € U neighborhood 3Iny such that x, —y, € U.

The completion of G is R
G := {Cauchy sequences in G}/ ~ .

Remark 11.3. 1. If (z,), (yn) are Cauchy sequences, then (x, + y,) is also a Cauchy sequence, and if
!/

(2,,) ~ (2,) and (yn) ~ (¢/,), then (z,, + yn) ~ (2}, +3,). It is an casy check that G obtains an Abelian
group structure this way.

2. For each = € G, the constant sequence (x),¢n is a Cauchy sequence. This defines a group homomorphism

»:G— G
T —— (T)nen
Two elements are mapped to the same equivalence class, if x — y € U for all neighborhoods of U. So
ker ® = H = {0}.
Thus, by Lemma 11.1, ® is injective if and only if G is Hausdorff.

3. If G1, G5 are topological Abelian groups, and f : G; — G5 is a continuous group homomorphism, then
it maps Cauchy sequences to Cauchy sequences and induces this way a continuous group homomorphism

G — Gs.
Clearly, if we have three groups and Gy LI G BELEN G3, then m = J/”; o fl

Example 11.4. The prototype of this construction is the completion of the rational numbers: @ = R. Another
important example are the p-adic integers: the group is Z and a fundamental set of neighborhoods of 0 is given
by the ideals (p™). So two numbers are “close” (i.e. their difference is in a smaller neighborhood of 0) if their
difference is divisible by a high power of p. Let us stretch an analogy and take p = 10 (even if it is not prime).
When completing Q, we add successive approximations, that is infinitely many decimal positions:

0.1,0.12,0.123, . ..

That is, 0.12 — 0.1 = 0.02 = 2- 1072, and 0.123 — 0.12 = 0.003 = 3 - 1073, so the last two are closer to each
other than the first two. For the 10-adic topology, we have

10,210, 3210, . ...

and again, 210 — 10 = 200 = 2 - 102 and 3210 — 210 = 3000 = 3 - 103, so 3210 is closer to 210 than 210 is to 10.
This way, while the regular completion corresponds to adding infinitely many decimals to the right, the p-adic
completion corresponds to adding infinitely many “figures” (symbols representing 0 to p — 1) to the left.
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From now on we will concentrate more on completions arising from these special topologies, which mimic the p-
adic topology over Z. So assume that the topology on our group G is has a fundamental system of neighborhoods
of 0 consisting of subgroups

G=GyDG 1 2GyD...
So U is a neighborhood of 0 if 3 n € N such that U D G,.

Remark 11.5. In a topology as above, the sets GG,, are both open and closed.

Proof. If x € G, then x + G, is a neighborhood of z, and since G,, is a subgroup x + G,, C G,,.
For any z € G, the set z + G is open, so G'\ Gy, = U, ¢¢ (2 + Gy) is also open. O

For such topologies, there is a way to define the completion which is purely abstract and algebraic, and does
not mention Cauchy sequences or the topology. I find it important though to keep in mind what the original
idea was. This is why we had the above discussion. We give the following definition in our special setting. This
could be extended to more general abstract setups.

Definition 11.6. Let G = Gy O G; O G5 O ... be subgroups of an Abelian group G. The inverse limit of
the factor groups G/G; is

@G/Gl = {g = (gl,gg,...) S HzeNG/Gl | 9;i = 9i modGi, VJ > > O}

In general, one needs an inverse system (see the Appendix), similar to the one we needed for directed systems
on Exercise Sheet 5. The point is, that in such a system we also have a family of maps, for 7 > ¢, which in our
case are the canonical projections

Tji : G/GJ — G/Gl

Remark 11.7. For a topological group, with filtration-induced topology as above we have

~

G =1imG/G;.

Indeed, for every Cauchy sequence (z)geny we have that limy mx;(zr) =: & € G/G; is ultimately constant for
every k. We clearly have 7;;§; = §;, so the Cauchy sequence defines an element in the inverse limit. Furthermore,
equivalent Cauchy series clearly define the same element, thus we have a well defined map from G to ]&n G/G;.
Conversely, for every element (g;) in the inverse limit we can construct a Cauchy series by choosing z; € g; + G;,
and keeping track that ;41 — x; € G;.

The disadvantage of the inverse limit definition, is that we may have different inverse systems giving rise to
the same topology, but a priori to different inverse limits. So one needs to introduce an equivalence of inverse
limits. We will not do that here. A big advantage of inverse limits is exactness. Notice that the maps m;; are
all surjective if we start with a filtration by subgroups as we did!.

Let {A;}ien, {Bi}ien, and {C;};en be three inverse systems with the property that for every ¢ € N we have

0 — Ay Bit1 Cit1 0
| | |
0 A; B; C; 0

all such diagrams commute. In this case we say that we have an exact sequence of inverse systems. Then
we have automatically a (not necessarily exact) sequence

0 — lmA4; — limB;, —— limC; —— 0

Isuch inverse systems are called surjective in a more abstract setting.
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Proposition 11.8. For every exact sequence of inverse systems as above we have the exact sequence:
0—— I'&HAZ' e I'&nBi _ &inCZ

Moreover, if the inverse system {A;}ien is surjective, then even

O*>¥1_Ai*>¥iLnBi—>h¢nCi*>0

s exact.

Proof. This is a consequence of the Snake Lemma 2.39. First, define A =[]
define d* : A — A by setting

ser Ai and similarly B and C. Then

dA(an) = (an - 7Tn+1,n(an+1))a

and similarly d® and d°. Notice that ker d* = 1'&1141-, and similarly for d® and d¢. So we get the diagram

0 A B C 0
T
0 A B c 0

Now we apply the Snake Lemma 2.39, and use that the kernels are the respective projective limits, to get

0—— @Ai — I'&nBi — lim C; —— Cokerd® —— Cokerd? —— Cokerd® —— 0

Now, whenever (4;);ey is surjective, we also have d* surjective, and we conclude. O

Corollary 11.9. Let 0 — G — G 5 G” — 0 be an ezact sequence of groups. Let G have the topology
induced by a filtration of subgroups (G;)ien, and give G' and G" the induced topologies by the filtrations (G' N
G,)ien, respectively (p(G;))ien. Then the following sequence is exact:

05G —G— G —0.
Proof. Apply Proposition 11.8 to the family of short exact sequences:

G/ g GI/
G NG, G, p(G;)

Corollary 11.10. In the hypothesis of Corollary 11.9, taking G = G,, we obtain that
(a) G, is a subgroup of G.
(b) G/Gy ~ G/G,.

© G=0.

Proof. Take in Corollary 11.9 G’ = G,, and G” = G/G,,, we obtain (a). The filtration thus becomes constant
and equal to (0) from n on, thus G” has the discrete topology. In the discrete topology, the Cauchy sequences

are the (eventually) constant sequences, so G" = G". For (c) just take inverse limits in (b):

i O i ©
N e
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We will apply the above theory mainly in two settings

1. G=Ris aring and (Gp)neny = (I"™)nen, where T is an ideal.
2. G = M is an R-module, and (G, )neny = (I"M)nen, where I is an ideal of R.

In both settings, we will call the induced topology /-adic topology, and in both settings the extra structure is
compatible with this topology. That is, multiplication (in R and with scalars from R, respectively) is continuous.
The I-adic completion of R, and the I-adic completion of M are denoted by R (or R;) and M (or M)
respectively, and is also a topological ring, respectively R-module. A ring or module is complete if it is equal
to its completion.

If M, N are topological R-modules with respect to the I-adic topology, and if f : M — N is R-linear, then f
is continuous. Indeed we have
fa"M) =1"(f(M)) S I"N

so, the fundamental set of neighborhoods is compatible. This means, that every f induces and R-linear map
f+M— N.

Examples. 1. The most important example is the completion of the polynomial ring S = K[z1, ..., z,] with
respect to the irrelevant maximal ideal m = (x1,...,2,). In this case, we have

—~

Sm = K[[z1, ..., 2n]]-

2. More generally, if R = K[z1,...,2,]/I, then the completion with respect to m = (x1,...,2,) is

= Klz1,...,2,]|
Fom = IK[[z1, ..., 2]

The usefulness of (and motivation for) completions consists in their ability to mimic analytic methods in algebraic
geometry. While localizations correspond to taking a look in all Zariski open sets around a point, this topology
is too coarse. Taking a completion allows one to take a look in the (much smaller) “classical” neighborhoods
around a point. The punch line is: localization allows us to invert polynomials with respect to multiplication,
completion allows us to extract radicals as well: for instance, /& + 1 is not algebraic, (i.e. it cannot be expressed
as a polynomial, but it is analytic, that is you may use its development as a formal power series:

1-3---(2n —3)
nl2n

2
\/1+x:1+§—%+2(—1)"*1 n
n>3

You are strongly encouraged to read about completions in Eisenbud’s book [Eis95, Chapter 7]. We recall from
there just the Cohen structure theorem, without proof.

Theorem 11.11 (Cohen Structure Theorem). Let R be a complete local Noetherian ring with maximal ideal m
and residue class field K. If R contains a field, then

R~ K[[Ilv s 7l'n]]/1
for some n € N and some ideal I.

The point of introducing I-stable filtrations in Section 9.1 was that any two such filtrations define the same
I-adica topology on M. Furthermore, as a corollary of the Artin-Rees lemma one gets that:

Corollary 11.12. Let M’ C M be two R-modules, and I an ideal of R. The I-adic topology on M’ coincides
with the one induced by the I-adic topology on M.
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Corollary 11.13. Let R be a Noetherian ring, I C R be an ideal and 0 M’ M M" 0
be a short exact sequence of finitely generated R-modules. Then the short exact sequence of completions is exact:

0 M M M7 0

We are now interested in comparing R® r M and M. We have the completion morphisms ®p : R — R and
Oy M — M\, so we can form the chain of maps E@RM — §®RJ\7 — ﬁ@ﬁ]\f/fﬁ M We call this
map P : fi@RM—)M\.
Proposition 11.14. In the above notation we have:

1. if M is finitely generated, then ® is surjective (for any R).

2. if R is Notherian and M finitely generated, then ® is an isomorphism.

So, when R is Notherian, the functor M — R® r M is exact on the category of finitely generated R-modules.
By 2.52 we thus have:

Corollary 11.15. If R is a Noetherian ring and I C R an ideal, then the I-completion Risa flat R-algebra.
(In general the functor M M is not exact).
Proposition 11.16. Let R be Noetherian and R it I-adic completion.

(a) IT=RI~R®gl.

() Ir = (I).

(c) ]';/17H ~ ["/I"F, and in particular ge;R =~ gt; R.

(d) T is contained in the Jacobson radical of A.

(e) If (R,m) is a local ring, then the m-adic completion of R is a local ring with mazimal ideal M.

By Krull’s Theorem, if we take U = 1 + I, then we have an inclusion U~ '4 — A. We state one more result
without proving it.

Theorem 11.17. If R is Noetherian, then R is Noetherian.
Corollary 11.18. IfK is a field, then K[[z1,...,2,]] is Noetherian.

103



Appendix A

Topology

Definition A.1. A topology on a set X is a collection of subsetes 7 C 2%, called open sets, satisfying the
axioms

(T1) The subsets § and X are open.
(T2) The intersection of finitely many (equivalently of any two) open sets is again open.

(T3) The union of arbitrarily many open sets is again open.

The pair (X, T), where T is a topology on X is called topological space. The complements in X of open sets
are called closed sets. By DeMorgan’s rules:

X\ (Wl = X\

i

X\ (nity) = Jx\w)

we get equivalent axioms for the collection of closed sets of a topology:

(T.1) The subsets ) and X are closed.

(T.2) The union of finitely many (equivalently of any two) closed sets is again closed.
(T:3) The intersection of arbitrarily many closed sets is again closed.

A basis of the topology 7 on X is a collection B C T of open sets such that for every x € X and every open
set U € T with x € U there exists a B € B with

rze BCU.
This can be easily show to be equivalent to each open set is an arbitrary union of basis elements. That is to

VU eT, 3B CB, such that U = U B.
BeB’

Not every collection B of subsets can be used to define the open sets of topology by taking all unions of
subcollections from B. For instance, take X = {1,2,3}, By = {1,2} and By = {2,3}. Taking all unions of sets
from B = {Bl, B} one gets as candidates for open sets

@,Bl,BQ,X.
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This collection however does not define a topology, because B; N Bs is not an open set.

The general definition of basis for a topology (not for the topology T) is the following:
A basis for a topology on a set X is a collection B of subsets of X such that

(a) For each z € X, there exists B € B such that « € B.

(b) If By,Bs € B and x € By N By, then there exists B3 € B such that € By and B3 C By N Bs.

Check [Mun00, Section 13| for more details.

Let (X1, 71), (X2, 72) be two topological spaces. The product topology on X; x X5 is the topology having as
basis the collection
Brx1 = {U1 x Uy @ with U; € 7;}

It is very easy to check that B, x7, is a basis. It is also easy to find an example which shows that By, «7; is
not a topology. The following theorem may also be useful.

Theorem A.2. If By is a basis for Ty and By is a basis for Ta, then the collection
Bi, x5, ={B1 X By | B; € B;}
is a basis for the product topology on X7 x Xs.
Let (X, T) be a topological space and Y C X a subset. The collection
Ty ={YNU : UeT}

is a topology on Y called the subspace topology. If B is a basis for 7, then By := {BNY : B€ B}isa
basis for Ty.

Let A C X be subset of a topological space. The interior of A is the union of all open sets contained in A and
the closure of A is the intersection of all closed sets containing A. So

Int(4) = U U all U are open
UcA

A = ﬂ Z all Z are closed
ZDA

Let (X, Tx) and (Y, 7y) be topological spaces. A map f: X — Y is continuous if
VVeTy=fYV)eTx.

If By is a basis of the topology 7y on Y, then to prove continuity, it is enough to show that
VYV eBy = fHV)eTx.

Theorem A.3. Let f: X — Y be a map between topological spaces. The following are equivalent.

(a) f is continuous.

(b) For every subset A of X, one has f(A) C f(A).
(c) For every closed set B €Y, the set f~1(B) is closed in X.
)

(d) For each x € C and each neighborhood V' of f(x), there is a neighborhood U of x such that f(U) C V.
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A homeomorphism is a bijective map f : X — Y between topological spaces, such that both f and its
inverse f~! are continuous. In other words, it is a bijective map, such that

U is open in X <= f(U) is open in Y.
A topological space X is a Ty space! if it fulfills the first of the following axioms
(T, separation) For any z,y € X there exists an open set U such that

(reUandy¢U) or (x¢Uandyel).

(T separation) For any z,y € X there exist open sets U and V such that

(xeUandy¢U) and (x¢VandyeV).

A topological space is quasi-compact if and only if each open covering of X has a finite subcovering. A
subset A C X is quasi-com if it is a quasi-compact space with the subspace topology. A map f: X — Y is
quasi-compact if f~1(V) is quasi-compact for every quasi-compact open set V C Y.

A topological space X is an irreducible topological space if X # () and if every pair of non-empty open sets
in X intersect. Equivalently, if X # () and whenever X = Z; U Z5 with Zy, Z5 closed, then X = Z; or X = Z,.
An irreducible component of X is a maximal irreducible subset of X.

Lalso called Kolmogorov space
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Appendix B

Homological and Categorical Aspects

A directed set is a partially ordered set Z such that for each pair 4,7 € Z, there exists k € Z such that i < k
and j < k. Let R be a ring and (M;);cz be a family of R-modules indexed by a directed set Z. For each pair
i,j7 € Z with ¢ < j, let u;; : M; — M; be an R-linear map, such that the following axioms are satisfied:

(DSys 1) py; = iday, for all i € .
(DSys 2) ik = K © ptij whenever ¢ < j < k.

The modules M; together with the homomorphisms p;; are said to form a direct system M = (M, u;;) over
the directed set I.

Let C = ®jez M;. We identify M; with its canonical image under the canonical injection j; : M; — C, and
define the R-submodule of C:
D .= (a:i—uij(xi) ‘V.Q?iEMi, V]Zl>

Denote by M := C/D the quotient module, by p : C — M the canonical projection, and for each i € Z by
Wi := pt|pr, the restriction to M;. The homomorphisms p; are part of the data, and the direct limit of the
direct system M = (M;, p;;) is the pair

limy M; := (M, (1i)iez) -

An inverse system is a family (M;);cz (of R-modules but it may be in any category) together with homo-
morphisms mj; : M; — M; for any i < j (so they go this time from the higher indexed one to the smaller
indexed one — they mimic projections G/G; — G/G; with G; C G;) such that

(ISys 1) m;; =idpy, for all 4 € 7.
(ISys 2) my; = fji © pk; whenever ¢ < j < k.
The inverse limit of the inverse system is a submodule of the direct product of the family:

klan = {(ml) c 1_‘[]\4z | Wji(mj) =m; Vj > Z}
i€l

So the inverse limit comes equipped with the canonical projections
pj: MMZ — Mj,
which are just the restrictions of the canonical projections from the direct product. Note that

Tj 0P = i, Vi< J.
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The inverse limit is universal among all other objects Y equipped with such maps ¢q; : ¥ — M;. That is,
for any R-module Y and family of morphisms ¢; with 7 o ¢; = ¢; for all i < j, there exists a unique map
u:Y — 1£1M7 such that ¢; = p; ou for all j, i.e. such that the following diagram commutes

Y

L

o M

B.1 Valuation rings

Are important for studying curves. They give a criterion for separatedness of schemes [Harshorne, I11.4, Theorem
4.3].
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d-th twist of M, 94 extension of scalars, 48
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R-algebra, 24 faithful, 35
R-bilinear map, 44 field, 11
R-linear map, 32 filtration, 90
R-module homomorphism, 32 finite, 50
R-submodule, 33 finite type, 25, 50

finitely generated, 35
additive function, 44 finitely generated R-algebra, 25
algebraic subset, 20 finitely generated ring, 50
algebraically independent, 87 finitely generated R-algebra, 50
annihilator, 15, 35 flat, 49
Artinian, 66 free R-module, 37

associated primes, 63
generated by, 9, 35

basis, 37 graded R-linear map, 90
basis for a topology, 105 graded R-module, 90
basis of the topology, 104 graded components, 89
blowup algebra, 91 graded ideal, 89

graded ring, 89
Cauchy sequence, 99

closure, 105 Hilbert function of M, 93
colon, 34 Hilbert polynomial of M, 94
colon ideal, 15 homeomorphism, 106
complete, 102 homogeneous element, 89
completion, 99 homogeneous ideal, 89
composition series, 68 homogeneous maximal ideal, 16
continuous, 105 homomorphism of graded R-modules, 90
contraction, 19 homomorphism of R-algebras, 25
coordinate algebra, 26
coprime ideals, 15 ideal, 8

integral, 82, 83
decomposable ideal, 62 integral closure, 83
difference operator, 94 integral dependence, 82
direct product, 7, 35 integral domain, 11
direct sum, 35 integral equation, 82
distinguished open set, 28 integral over I, 85

integrally closed, 83
embedded primes, 63 interior, 105
epimorphism, 41 inverse limit, 100, 107
exact at, 42 inverse system, 107
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irreducible, 74

irreducible component, 106
irreducible topological space, 106
irrelevant ideal, 89

irrelevant maximal ideal, 16
isomorphism of R-modules, 32

Jacobson radical, 14
Krull dimension, 77

length of a module, 69
local property, 56
local ring, 13
localization, 53

maximal ideal, 12

maximal spectrum, 27
minimal prime, 63

minimal set of generators, 35
module of finite length, 69
monomorphism, 41
multiplicatively closed set, 51

nilpotent, 11
nilradical, 14
Noetherian, 66, 68

open, 104

Poincaré series, 95
polynomial type, 94
poset, 59

powers, 15

primary decomposition, 62
primary ideal, 61
prime ideal, 12
principal ideal, 9
principal open set, 28
product, 15

product topology, 105
proper ideal, 8
pullback, 26

quasi-compact, 29, 106
quotient ideal, 15

quotient module of M by N, 33
quotient ring, 10

radical ideal, 15

radical of an ideal, 15

rank of a free R-module, 37
reduced, 14

reduced ring, 11

regular functions, 25
regular map, 26

residue field, 13, 59
restriction of scalars, 47
ring, 5

ring homomorphism, 7
ring isomorphism, 8
ring of fractions, 52

semi-local ring, 13

set of generators, 35
short exact sequence, 42
simple module, 68
spectrum, 27

stable, 90

subring, 7

subspace topology, 105
sum, 15, 34

support, 71

Ty space, 106

tensor product, 46

The ascending chain condition, 66
The descending chain condition, 66
The maximal condition, 66

The minimal condition, 66
topological Abelian group, 98
topological space, 104

topology, 104

torsion element, 35

torsion free, 35

torsion module, 35

torsion submodule, 35

total quotient ring, 53

unit, 11

vanishing ideal, 20
vanishing locus, 20
variety of I, 27

Zariski closed sets, 22
Zariski open, 22
Zariski topology, 22, 28
zero divisor, 11

zero ring, 6
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